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7.  0 DATA  VALIDATION  PROCEDURES 

The  procedures  formulated  in  this  Section  constitute  the  criteria 
that  will  allow  the  FAA  to  methodically  interrogate  remote  monitored 
data,  taken  for  R&D  and  future  air  enforcement  purposes.  There 
are  general  procedures  that  apply  to  all  systems.  These  are  described 
first.  Then  there  are  special  procedures  applying  to  those  individual 
remote  monitor  systems  that  were  selected  to  be  potentially  useful  in 
Section  6. 2.  2 for  the  R&D  and  future  air  enforcement  applications. 

7. 1 Procedures  Applicable  to  All  Remote  Monitors 

There  is  a basic  differentiation  between  R&D  application  and  air 
enforcement  application.  For  R&D,  the  monitor  does  not  have  to  be 
designated  as  an  "equivalent  method",  but  must  fulfill  some  specified 
performance  requirements,  while  for  air  enforcement  the  monitor  must 
only  be  designed  as  an  "equivalent  method". 

The  basic  interrogation  or  data  validation  procedures  can  be 
phrased  in  the  form  of  five  questions: 

1.  Has  the  remote  monitor  that  is  collecting  data  in  the 
vicinity  of  an  airport  been  selected  according  to  the 
selection  criteria  outlined  in  Section  6.  0?  There 
exist  two  major  differences  in  the  two  applications: 

For  R&D  monitoring,  the  remote  data  do  not  need 

to  be  relatable  to  the  standards, and  eye  safety  limits 
can  be  relaxed,  while  for  air  enforcement  monitoring, 
the  remote  data  must  be  relatable  to  the  standards 
and  eye  safety  regulations  must  be  observed. 

2.  What  is  the  theoretical  performance  of  the  remote  moni- 
tor ? This  can  be  answered  by  a step-by-step  calculation 
of  the  signal -to-noise  ratio,  assuming  known  or  optimum, 
e.  g. , detector -noise-limited,  parameters.  For  R&D 
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application,  the  results  of  the  calculation  will  indicate  whether 
or  not  the  instrument  is  sensitive  enough  in  the  concentration 
and  distance  range  for  the  intended  measurement. 

3.  Has  the  instrument  fulfilled  the  equivalency  requirement? 

This  question  is  relevant  only  for  the  future  air  enforce- 
ment application.  If  present  procedures  are  followed, 
only  data  taken  by  individual  instruments  designated  by 
manufacturer,  model  number,  etc.  and  approved  by 

the  EPA  and  notice  of  acceptance  duly  published  in  the 
Federal  Register  need  be  accepted. 

4.  Have  field  calibrations  been  performed  ? For  R&D 
application,  established  experimental  practices  of 
calibrating  should  be  followed,  namely  as  often  as 
deemed  necessary.  For  future  air  enforcement  applica- 
tion, calibration  before  and  after  data  collection  is 
required. 

5.  Is  the  operator(s)  of  the  remote  monitor  competent? 

The  complexity  of  the  remote  monitors  make  it  mandatory 
that  the  operator  must  be  competent  and  familiar  with 
the  instrument,  since  it  will  be  nearly  impossible  to 
make  these  complex  machines  "foolproof". 

A logic  diagram  for  a basic  interrogation  or  data  validation  pro- 
cedure is  shown  in  Figure  7-1.  It  indicates  the  differentiation  between 
air  enforcement  and  R&D  application.  While  the  interrogation  in  the 
case  of  air  enforcement  appears  more  straightforward  than  for  R&D,  it 
is  more  demanding  because  of  the  requirement  for  demonstrating  equi- 
valency. The  interrogation  in  the  case  of  R&D  application  is  more  ^29) 
flexible,  allowing  even  the  use  of  a non-selected  method.  Nader  et  al. 
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have  delineated  those  performance  parameters  that  are  essential  to  reliable 
performance  and  to  the  generation  of  valid  data  with  a minimum  of  downtime  and 
within  a reasonable  level  of  accuracy,  compatible  with  the  current  availability 
of  commercial  systems  and  with  the  intended  utilization  of  the  data.  The 
parameters  are  generally  accuracy,  calibration  error,  zero  drift,  calibra- 
tion drift,  repeatability,  response  time,  and  operational  period.  Since  the 
specifications  have  been  utilized  in  the  formulation  of  Federal  regulations 
(see  subsection  3.  2.  6),  we  have  summarized  them  in  the  following  para- 
graphs. Accuracy  (relative)  is  defined  here  as  the  degree  of  agreement 
between  the  values  of  gas  concentration  of  a sample  obtained  by  the  instrument 
and  by  the  reference  method.  This  accuracy  is  expressed  in  terms  of  error 
that  is  the  difference  between  the  paired  concentration  measurements.  The 
error  is  expressed  as  a percentage  of  the  mean  value  determined  by  the 
reference  method.  The  absolute  error  is  the  combination  of  the  error  in 
the  monitoring  measurement  and  whatever  error  exists  in  the  reference 
measurements. 


Calibration  error  is  defined  as  the  difference  between  the  pollutant 
concentration  measured  by  the  instrument  and  the  known  concentration  of 
the  span  gas.  This  type  of  error  is  measured  by  the  use  of  a known  con- 
centration of  the  gas  in  some  clean,  dry  gas  stream,  usually  air  or  nitrogen 
Calibration  may  also  be  done  by  introducing  the  calibration  test  gas  into  the 
instrument  and  bypassing  the  sampling  interface.  This  performance  speci- 
fication requires  that  the  entire  measurement  system  be  included  in  the  test 
procedure.  This  means  introducing  the  calibration  test  gas  at  the  sampling 
interface  upstream  of  the  analyzer. 

Zero  drift  is  defined  as  the  change  in  instrument  output  over  a given 
period  of  time  of  normal  continuous  operation  with  zero  gas  concentration. 
Calibration  drift  is  defined  as  the  change  in  instrument  output  Over  a given 
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period  of  time  of  normal  continuous  operation  when  the  gas  concentration 
remains  the  same.  Zero  and  calibration  drift  are  critical  parameters  that 
have  a direct  effect  on  calibration  error  and  ultimately  on  the  accuracy  of 
the  data  output. 

Repeatability  is  defined  as  a measure  of  the  measurement  system's 
ability  to  give  the  same  output  reading(s)  upon  repeated  measurements  of 
the  same  pollutant  concentration(s). 

Response  time  is  defined  as  the  time  interval  from  a stop  change 
in  pollutant  concentration  at  the  input  to  the  measurement  system  to  the 
time  at  which  95  percent  of  the  corresponding  final  value  is  reached.  The 
response  time  of  a measurement  system  is  strongly  influenced  by  the 
sampling  approach  used. 

The  operational  period  is  a minimum  period  of  time  over  which  a 
measurement  system  is  expected  to  operate  within  certain  performance 
specifications  without  unscheduled  maintenance,  repair,  or  adjustment. 

Although  Nader  et  al.  have  specifically  developed  the  performance 

specifications  for  stationary-source  monitoring  systems,  they  are  applicable, 

in  general,  to  other  types  of  sampling  situations.  Thus  we  find  that  the  con- 

(238) 

elusions  reached  by  Dieck  and  Elwoodv  ' about  emission  analysis  of  gas 
turbine  engines  are  supportive  of  the  specifications  as  developed  by  Nader  et  al. 
Since  Dieck  and  Elwood's  conclusions  are  based  on  practical  experience,  we 
believe  it  is  important  to  quote  them  verbatim. 

"Without  a knowledge  of  the  measurement  accuracy,  the  significance 
of  observed  differences  cannot  be  assessed.  In  addition,  the  average  emission 
level  that  a group  of  engines  must  achieve  for  compliance  is  a function  of  the 
accuracy  of  the  measurement  of  the  exhaust  constituents;  i.  e. , the  less  accurate 
the  measurement,  the  lower  the  average  level  must  be  to  assure  that  essentially 
all  engines  pass  the  compliance  tests.  The  accuracy  assessment  specifically 
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included:  1)  test  instrument  precision,  2)  calibration  gas  accuracy  and  3) 
sample  error  due  to  the  distribution  of  data  resulting  from  gas  concentrations 
that  are  spatially  non-uniform. 

In  addition,  the  accuracy  assessment,  required  the  consideration  of  the 
following  general  topics:  the  propagation  of  errors  in  a calibration  hierarchy, 
the  proper  choice  of  error  units,  surveys  of  instrument  precision,  the  eva- 
luation of  the  significance  of  various  instrument  errors,  the  assessment  of 
the  significance  of  sampling  error,  and  the  consideration  of  methods  for 
demonstrating  representative  samples  and  improving  instrument  precision. 

An  accuracy  assessment  considering  those  factors  resulted  in  the 
following  conclusions: 

1.  Instrument  precision  is  best  expressed  as 
percent  of  full  scale. 

2.  The  proper  units  for  bias  errors  are  percent  of  point. 

3.  Calibration-to-calibration  repeatability  may  be 
utilized  to  estimate  instrument  precision. 

4.  Instrument  precision  shows  wide  variations  from 
day-to-day. 

5.  Correcting  past  data  by  post-test  calibration 
adjustments  will  not,  in  general,  improve  emission 
data  altered  by  instrument  drift. 

6.  Sampling  error  due  to  the  distribution  of  emission 
concentrations  in  space  is  the  single  largest  source 
of  uncertainty  in  emission  measurements. 
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All  of  the  above  provide  some  understand ng  of  the  uncertainty  in  emissions 
measurement.  To  ensure  complete  compliance,  the  emission  control  tech- 
nology is  required  to  reduce  the  average  engine  emissions  below  the  Regula- 
tion limits  by  an  amount  equivalent  to  the  sum  of  the  uncertainty  in  the  mea- 
surement and  the  engine  to  engine  variability.  " 

On  the  other  hand,  Klingenberg  et  al.  are  critical  of  the  present 
U.  S.  regulations  for  automobile  exhaust  emissions.  They  find  that  no  allowance 
has  been  made  for  measuring  uncertainties  when  evaluating  the  test  results 
and  that  the  final  results  are  not  subjected  to  any  form  of  statistical  analysis. 
They  claim  that  unrecognized  systematic  errors  can  be  big,  but  could  be 
"avoided  by  currently  performing  correlation  tests  which  should  be  required 
by  law  and  specified  in  the  Federal  Register.  " These  criticism  are  mainly 
directed  to  the  particular  influencing  factors  in  emission  tests  for  auto- 
mobiles, but  emphasize  the  need  for  standardization. 
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7.  2 Remote  Monitors  Providing  Line  Profile  Data 

Introduction:  The  format  employed  in  the  following  analyses  has 
been  chosen  to  provide  to  an  engineer  or  scientist  sufficient  background, 
typical  parameter  values  and  methodology  for  this  individual  to  perform 
a preliminary  analysis  of  the  suitability  of  a particular  technique  to  a 
given  measurement  problem.  It  cannot  be  rigidly  applied  to  every  varia- 
tion of  any  technique  because  development  in  instrument  design  may  simplify 
(or  further  complicate)  these  analyses.  It  is  the  responsibility  of  the 
evaluation  engineer  to  thoroughly  understand  the  particular  instrument 
under  consideration;  the  following  discussions  are  intended  to  provide  a 
basis  for  that  understanding. 

Because  the  basic  principles  vary  for  these  instruments,  the  dis- 
cussion format  also  varies  slightly  to  best  suit  the  particular  principle 
being  presented.  Basically,  the  following  format  is  utilized. 

Principles  of  Operation:  A basic,  brief  description  of  the  physi- 
cal process  involved.  This  is  adapted  from  the  more  thorough  discussion 
in  Section  5. 

System  Description:  A description  of  the  equipment  required  and 
and  their  interrelationship.  This  is  often  presented  as  a generalized  block 
diagram  plus  photos  or  drawings  of  existing  instruments,  where  available. 

System  Parameters:  A listing  of  the  more  important  parameters 
that  the  evaluation  engineer  will  encounter,  along  with  their  typical  values, 
availability,  etc. 

This  is  generally  subdivided  into  the  following  (not  all  applies  to 
each  instrument). 


Sources:  Typically  lasers  or  blackbody  sources  of  radiant  energy. 
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Operational  Wavelengths:  Those  wavelength  regions  and  the  cor- 
responding pollutant  species  which  are  known  to  be  applicable  to  this  tech- 
nique. Because  many  of  these  are  still  under  development  (even  though  an 
operating  instrument  may  have  been  built)  future  investigators  will  undoubt- 
edly add  to  the  wavelengths  and  species  noted  here. 

Detector:  Current  applicable  examples  are  given,  however,  the 
state-of-the-art  is  changing  rapidly  in  this  field. 

Optics:  All  of  these  instruments  require  optical  systems,  and  all 
such  systems  can  be  characterized  by  these  several  parameters.  Calcula- 
tion of  these  parameters  for  a particular  instrument  design — invariance  of 
the  quantity  Aft  at  all  points  in  the  system  is  assumed  here,  but  if  this 
was'  neglected,  the  design  performance  is  degraded  and  analysis 
can  become  complex. 

Electronic  Bandpass:  Expressed  as  the  time  required  for  an  instru- 
ment to  reach  63  percent  response  to  a step  change  in  the  measured  param- 
eter. Longer  times  have  the  effect  of  increasing  the  SNR  by  averaging  the 
noise.  When  expressed  as  a frequency  A f it  is  related  to  the  time  constant 

tc  by 

Af  = 1/4  t 

c 

The  numerical  constant  4 is  typical,  but  will  depend  on  the  electronic 
design. 

Theoretical  Performance  Prediction:  This  allows  the  evaluation 
engineer  to  determine  whether  the  instrument  can,  in  principle,  perform 
the  desired  measurement.  Optimum  instrument  design  is  assumed  (e.  g. , 
detector  noise  limited  performance)  and  any  deviation  from  this  optimum 
will  cause  degraded  performance. 

In  many  cases  the  required  parameters,  especially  pollutant 
absorption  constants,  have  not  yet  been  determined  and  the  theoretical 
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performance  predictions  cannot  be  made  until  these  data  are  published. 

Special  Requirements:  This  calls  attention  to  any  unusual  aspects 
of  the  technique  to  which  the  evaluation  engineer  must  be  aware. 

Data  Analysis:  A basic  technique  for  analysis  of  the  data  is  pre- 
sented. This  provides  a basic  understanding  of  the  problem;  actual  data 
analysis  generally  involves  more  atmospheric  parameters  than  this  basic 
presentation. 

7.2.1  LWIR  Differential  Absorption 

7.  2.  1.  1 Principle  of  Operation 

The  measurement  principle  of  long  wavelength  infrared  (LWIR)  dif- 
ferential absorption  is  used  to  obtain  concentrations  as  a function  of  range 
for  ozone  and  certain  hydrocarbons.  Laser  pulses  at  two  different  wave- 
lengths in  the  8-12  p.m  region  are  emitted  and  the  backscattered  signals 
are  recorded.  By  differencing  the  wavelength-dependent  and  ratioing  the 
time -dependent  backscattered  signals,  the  transmission  of  the  pollutants 
can  be  determined  as  a function  of  range.  The  concentration  of  the  pollutant 
is  proportional  to  the  logarithm  of  the  monochromatic  transmission.  The 
proportionality  factor  is  the  monochromatic  absorption  coefficient  which 
must  be  known. 

7.  2.  1.  2 System  Description 

The  system  consists  of  an  energy  source  of  one  or  two  pulsed 
lasers,  an  optical  system  which  may  be  common  to  the  transmitter  and 
receiver,  and  the  receiver  detector,  electronics  and  data  display.  A 
block  diagram  indicating  the  essential  elements  of  a typical  system  using 
direct  detection  (dd)  is  shown  in  Figure  7.  2.  1-1.  In  order  to  use  a hetero- 
dyne detection  (hd)  system,  a frequency  shift  must  be  provided  within  the 
instrument  (see  Figure  7.  2.  1-2.  It  should  be  noted  that  no  prototype 
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Figure  7. 2. 1-1.  Block  Diagram  for  LWiH  DAS  System  Using 
Single  Laser  and  Direct  Detection  (adopted 
from  Ref.  249). 
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Figure  7.2. 1-2.  Block  Diagram  for  LWIR  DAS  System 
Using  Single  Laser  and  Heterodyne 
Detection  (adopted  from  Ref.  258). 
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LWIR-DAS  system,  using  two  lasers  and  hd  has  been  tested  as  yet.  The 
hd  method  is  potentially  much  more  sensitive  than  the  dd  method  and  is 
desirable  for  the  DAS  application.  The  maximum  permissible  energy 
(MPE)  for  laser  systems  has  been  promulgated  by  DHEW  in  21CFR1040. 
If  the  regulations  of  the  American  National  Standards  Institute  (ANSI)  are 
adopted,  the  MPE  may  be  increased  by  a factor  50. 


7. 2. 1.  3 System  Parameters 

Commercially  Available  Lasers 
COg  Gas  Laser 
NgO  Gas  Laser 
Semiconductor -Diode  Laser 


Other  lasers  that  have  transitions  in  the  LWIR  region,  but  are  not  com- 
mercially available  at  present,  include  Ne,  Ng,  Xe,  OCS,  I,  02,  and 
HF  (Refs.  256  and  257). 

Operational  Wavelengths 

C02  (00°l-02  0)  P(14)  9.504  ym  useful  for  ozone  (Ref.  251) 

P(20)  9.  552  4m  useful  for  ozone  " " 

P(24)  9.  586  4m  useful  for  ozone  " " 


COg  (00  1-10  0)  P(14)  10.  529  4m  useful  for  ethylene  (Ref.  251) 

P(16)  10.  549  4m  useful  for  ethylene  " " 

P(20)  10.  588  ym  useful  for  ethylene  " " 

The  coincidence  of  other  transitions  of  the  available  lasers  to  ozone 
and  the  hydrocarbons  have  not  been  reported  as  yet. 

Laser  Energy 

2 x 10“4j/cm2  for  1-100  ns  pulses 
-21/4  2 

1. 1 x 10  t / J/cm  for  100  ns  - 10  s pulses 
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Shortest  pulse  duration  of  commercially  available  COg  lasers  is  40  nsec, 
resulting  in  a resolution  element  AL,  of  6 m,  and  available  energy  exceeds 
MPE  by  orders  of  magnitude.  ANSI  regulations  would  permit  50  fold 
increase  in  laser  energy. 

Detector 

Commercially  available  detectors  with  highest  D*  and  shortest 
risetimes  at  operating  temperatures  of  77K  are 

Lead-Tin-Telluride  (D*~5  x 1010cm  Hz1/2/W,  t ~ 10  ns) 

10  ci/2 

Mercury -Cadmium-Tellur ide  (D*~3  x 10  cm  Hz  ' /W,  tc  < 1 ns) 

These  detectors  can  be  made  to  peak  anywhere  in  the  region  from  8-12  um. 

2 

Active  detector  areas  can  range  from  0.  0025  to  1 mm  . 


Optics 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below).  For  heterodyne  detection, 
the  constraint  for  the  coherent  aperture  must  be  taken  into  account 
(A0Oo-X2). 


n 


opt 

A.n,  (=a  n ) 
d d oo 


Electronic  Bandpass 
Af  = 


1 


1 

4 nt 


t is  the  pulse  duration.  The  number  of  pulses  to  be  sampled 

S 


where 

is  a variable  that  can  be  used  to  increase  the  SNR. 
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7.2. 1.4  Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a detector -noise -limited  system.  The  signal -to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration  by  DAS 
is  given  by 


SNR  = 

In  Q 1 

dP 

7(1/ Pj)2  +(1/Pj)2  +(1/P2)2  + 

d/pp2 

where 

In  Q1 

P1 

= 

, P1P2 

In 

PJP2 

9 -2k. C R 
(G/R> 

p; 

S 

9 -2k.  C (R  + AR) 

(G/(R  + ARr)e 

P2 

= 

9 -2k9C  R 

(G/R2)e 

P 1 
f2 

= 

9 -2k«C  (R  + AR) 

(G/(R  + AR)  ) e 

G 

= 

r?PtARN(R)3Ao 

/ A \1/2 

(isf)  <D*>  /p 

s 

dP 

= 

NEP/F  = (AdAf)1^2(D*)*1/F  = 

F 

= 

T?QX3/2nd'/TjB'hc  D* 

The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


2 NEP/F 
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where 


Q = 

Peff  = 

C(R)  = 


2(kxC  - k2C  ) AR 

G«(R) 

R-2e-2kCR 


In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 

Step  1:  Calculate:  NEP/F 

Assume:  D*  = 3x  I010cm  Hz1//2W_1 

F « 100  for  heterodyne  detection 
Result:  Plot  in  Figure  7.  2.  1-3  shows  NEP/F  versus  A. 

Q 

for  different  number  of  pulses  n. 

Step  2:  Calculate:  G 

c -8  -1  -1 
Assume:  N(R)8  ~ 8 x 10"  cm"  ster” 

AR  = 1500  cm 

P.  = 2 x 10^W  for  a 2 x 10  2J  laser,  having  a 
2 

10  cm  beam  area  and  a pulse  duration  of  100  nsec 

Result:  Plot  in  Figure  7.  2. 1-4  shows  G versus  receiver 
aperture  area  AQ  for  three  values  of  overall 
efficiency  (optical  and  mechanical  shutters) 

2 -2kPR 

Step  3:  Calculate:  $(R)  = R"  e 

Assume:  kC  = 0,  . 3,  1,  3 km  * 

Result:  Plot  in  Figure  7.  2.  1-5  shows  £(R)  versus  R 
for  the  above  values  of  kC 

Step  4:  Calculate:  Pgfj  = G $(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 
Result:  Plot  in  Figure  7.  2.  1-6  which  shows'  Pgff  vs. 

£(R)  for  different  values  of  G. 
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A^  (cm  ) 

Figure  7.  2. 1-3.  NEP  versus  Ad  for  Different  Values 
of  Number  of  TPulses,  Assuming  D* 
= 3 x 1010cmHV_1  and  t = 100  ns. 
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Step  5:  Calculate:  Q for  ozone  (a)  and  ethylene  (b) 

Assume:  AR  = 15  m 

a)  k1(9.  504Um)C  = k1(03)C  (Og)  + k^OC  (HgO)  + 
(on  wavelength)  ^(CO^C  (COg) 

k2(9.  586ym)C  = k2(Og)C  (O3)  + k2(H20)C  (HgO)  + 
(off  wavelength)  k2(C02)C  (C02) 

k^Og)  = PPm"^km"1 

k1(H20)C  (H20)  = 0.  11  km-1  for  10  torr 
ki(C02)C  (C02)  = 0.  123  km"1  for  330  ppm 
k2(Og)  = 0.  08  ppm^km"1 
k2(H20)C2(H20)  = 0.  09  km'1  for  10  torr 
k2(C02)C2(C02)  = 0.  112  km"1  for  330  ppm 


Step  6: 


b)  ^(10.  529Wm)C  = k^CgH^C  (C2H4)  + k^HgOC  (H20) 
k2(10.  588um)C  = k2(C2H4)C  (C2H4)  + k2(H20)C  (H20) 

k4(C2H4)  = 2.  98  ppm"1km~1 
k1(H20)C  (H20)  = 0.  12  km'1  for  10  torr 
k2(C2H4)  = 0.  15  ppm-1km-1 
k2(H20)C  (H20)  = 0.  11  km'1  for  10  torr 

Result:  Plot  in  Figure  7.  2. 1.  7 shows  Q for  ozone  and 
ethylene  versus  concentration  for  AR  = 15  m. 


Calculate:  System  Performance  for  SNR  = 1,  i.  e. , Pg^ 

i)  Determine  NEP/F  (Step  1) 

ii)  Calculate  Q for  desired  concentration  (Step  5, 
Figure  7.  2. 1-7) 
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Figure  7.  2. 1 -7.  Q versus  Concentration  of  Ozone  and 

Ethylene  for  a Resolution  Element  of  15  m. 
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iii)  Locate  intersection  between  NEP/F  and  Q in 

Figure  7.2.  1-8  and  determine  P ...  If  intersection 

eff 

is  not  within  the  limits  of  the  graph,  the  measure- 
ment is  not  feasible  beyond  100  m. 

iv)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7.2. 1-4. 

v)  Find  intersection  between  G and  Pg^  in  Figure 
7.2. 1-6  and  determine  £(R). 

vi)  Find  distance  R in  Figure  7. 2. 1-5  for  a given  kC. 
The  value  of  kC  may  be  estimated  by  dividing 

0.  015  into  Q because  Q*3  kC£R  (usually  accurate 
to  a factor  of  2)  and  £R  = 0.  015  km. 


o o 

Example  (i)  Assume  the  detector  area  is  10  cm  and  10,  000  laser 

pulses  are  sampled.  The  resulting  NEP/F  is  1.  6 x 10"13W.  (ii)  The 

minimum  concentration  of  Og  of  interest  is  0.  08  ppm,  thus  Q = 4 x 10"3 

from  Figure  7.  2.1-7.  (iii)  The  intersection  between  NEP/F  - 1.  6 x 10 _ 13 

and  Q = . 004  results  in  P „ = 8 x 10" UW.  (iv)  For  A = 1000  cm2  and 

“II)  o 

r?  = . 01,  G becomes  24  W cm  as  seen  in  Figure  7.  2.  1-4.  (v)  The  inter- 
section between  G = 24  and  P 


eff 


= 8 x 10  H in  Figure  7.  2.  1-6  results 


in  4 = 3.  5 x I0"12cm2.  (vi)  For  kC  = 4 x 10"3/0.  015  = . 27  and  £(R)  = 
-12  -2 

3.  5 x 10  cm  , the  range  becomes  about  3 km. 
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Figure  7.  2. 1-8.  P ..  versus  NEP/F  for  Different  Values  of  Q. 
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7.  2. 1.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7. 1. 1.  For  ozone,  the  range  of  interest 
is  from  0 to  . 5 ppm.  This  overall  range  may  be  divided  into  three 
subranges: 

Low  0.  06  to  0.  10  ppm 

Medium  0.  15  to  0.  25  ppm 

High  0.  35  to  0.  45  ppm 

The  LWIR-DAS  remote  monitor  must  measure  the  ozone  concentration 
as  determined  by  a reference  method  for  the  three  ranges  to  within 

Low  0.  02  ppm 

Medium  0.  03  ppm 

High  0.  04  ppm 

For  the  total  hydrocarbons  (non-methane),  the  range  for  automated 
methods  ought  to  be  2 ppm,  with  the  following  ranges 


Low 

.2  - .28 

ppm 

Medium 

. 5 - .6 

ppm 

High 

1 - 2 

ppm 

In  general,  however,  the  concentration  of  ethylene  will  appreciably 
be  less  than  those  for  the  total  hydrocarbons/non-methane  concentrations. 


7.  2. 1. 6 Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good  approxi 
mation  by 

106  In  Q 

C(ppm)  = 

2 (krk2)  AR 
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where 


P^R)  P2(R  +AR) 

PX(R  + AR)  P2(R) 

Figure  7,  2.  1-9  is  a typical  received  signal  from  the  on-wavelength 
(lower  curve)  and  off -wavelength  (upper  curve)  laser  beams  with  the 
abscissa  shown  in  units  of  rnage.  The  four  signals  are  determined 

from  analog  signals  as  given  in  Figure  7.  2.  1-9.  The  absorption  co- 

■ 

efficients  kj  and  k2  are  as  follows: 


Ozone 

Ethylene 

k-tepmkm)"* 

1.25 

2.98 

1 

@ 9.  504  ym 

@ 10.  529  jim 

k9(ppmkm)-1 

0.  08 

0.  15 

@ 9.  586  ym 

@ 10.  588  4m 

Figure  7.  2. 1-9.  Analog  Signals  P,(R),  P«(R),  P^R+AR) 
and  P2(R-AR) 


i. 


7-25 


7.  2.  2 
7.  2.  2.  2a 


7.2.2  MWIR-DAS 

7.  2.  2.  1 Principle  of  Operation 

The  measurement  principle  of  medium  wavelength  infrared  (MWIR) 
differential  absorption  is  used  to  obtain  range-resolved  concentrations  of 
carbon  monoxide  and  nitrous  oxide.  Laser  pulses  at  two  different  wavelengths 
in  the  4.  8-5. 4 nn  region  are  emitted  and  the  backscattered  signals  are  re- 
corded. By  differencing  the  wavelength -dependent  and  ratioing  the  time- 
dependent  backscattered  signals,  the  transmission  of  the  pollutants  can  be 
determined  as  a function  of  range.  The  concentration  of  the  pollutant  is 
proportional  to  the  logarithm  of  the  monochromatic  transmission.  The 
proportionality  factor  is  the  monochromatic  absorption  coefficient  which 
must  be  known. 

7.  2.2.2  System  Description 

The  system  consists  of  an  energy  source  of  one  or  two  pulsed 
lasers,  an  optical  system  which  may  be  common  to  the  transmitter 
and  receiver,  and  the  receiver  detector,  electronics  and  data  display. 

A block  diagram  inidcating  the  essential  elements  of  a typical  system 
using  direct  detection  (dd)  (fig.  7.  2.  2-1)  is  basically  the  same  as  was 
shown  for  the  LWIR  system.  In  order  to  use  a heterodyne  detection 
(hd)  system,  a frequency  shift  must  be  provided  within  the  instrument 
(see  Figure  7.  2.  2-2).  The  hd  method  is  potentially  somewhat  more 
sensitive  than  the  dd  method.  The  maximum  permissible  energy  (MPE) 
for  laser  systems  has  been  promulgated  by  DHEW  in  2 1C FR 1040.  If 
the  regulations  of  the  American  National  Standards  Institute  (ANSI)  are 
adopted,  the  MPE  may  be  increased  by  a factor  50. 
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Figure  7. 2.  2-1.  Block  Diagram  for  MWIR  DAS  System  Using 
Single  Laser  and  Direct  Detection  (adopted 
from  Ref.  249). 
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Figure  7.2.  2-2.  Block  Diagram  for  MWIR  DAS  System 
Using  Single  Laser  and  Heterodyne 
Detection  (adopted  from  Ref.  258). 
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7.  2.2.3  System  Parameters 
Commercially  Available  Lasers 


Doubled  COg  Pumped  Spinflip  Gas  Laser 
CO  Gas  Laser 


Semiconductor -Diode  Laser 


Other  lasers  that  have  transitions  in  the  MWIR  region,  but  are  not  com 
mercially  available  at  present,  include  DC1  (deuterium  chlorine),  Ar, 


CN  (cyanogen),  Kr,  HgO,  Xe,  I,  and  Og  (Refs.  256  and  257). 
Operational  Wavelengths 


CO,  6-5,  P(20) 
7-6,  P(13) 
7-6,  P(15) 
9-8,  P(9) 


5.  176  nm  useful  for  NO 
5.  166  um  useful  for  NO 
5. 187  ym  useful  for  NO 
5.  262  um  useful  for  NO 


(Ref.  251) 


ff  ft 


The  coincidence  of  other  transitions  of  the  available  lasers  to  carbon 
monoxide  and  nitrous  oxide  have  not  been  reported  as  yet.  The  CO  gas 
laser  cannot  be  used  to  observe  CO  in  the  atmosphere  since  the  lowest 
observed  vibrational  transition  in  the  laser  is  in  the  5-4  band  [P(18)  and  up], 
which  is  too  high  an  energy  level  to  be  populated  at  atmospheric  temperatures. 

Laser  Energy 
-4  2 

2 x 10  J/cm'  for  1-100  ns  pulses 

1.  1 x 10“^t*  ^J/cm^  for  100  ns  - 10  s pulses 

Shortest  pulse  duration  of  commercially  available  CO  and  doubled  COg 
pumped  spin  flip  lasers  are  1 nsec  and  200  ns,  respectively.  In  order 
to  obtain  a resolution  element  of  15  m,  the  gating  time  of  the  receiver 
can  be  adjusted  to  100  nsec. 
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Detector 

Commercially  available  detectors  with  highest  D*  and  shortest 
risetimes  at  operating  temperatures  of  77K  are 


Indium-Antimonide  (D*~10^cm  Hz^  Vw,  t<  ljjs) 

Gold-doped  Germanium  (D*~2  x lO^cm  Hz1  ^/W,  t~lys) 

2 

Active  detector  areas  can  range  from  0.  008  to  1 mm  . 


Optics 


n 


A .n.  (-A  o ) 
d d oo 


Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below).  For  heterodyne  detection, 
the  constraint  for  the  coherent  aperture  must  be  taken  into  account 

(Aono-xJ). 


Electronic  Bandpass 

A,_  1 _ 1 

■ TT  ■ T5T 

c s 

where  tg  is  the  pulse  duration.  The  number  of  pulses  to  be  sampled 
is  a variable  that  can  be  used  to  increase  the  SNR. 
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7. 2.2.4  Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a detector -noise -limited  system.  The  signal -to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration  by  DAS 
is  given  by 


SNR  = 


where 


In  Q 


pi 


P ' 
y2 


G 

dP 

F 


In  Q 


dP  ^I/P/  +(1/P{)2  +(1/P2)2  + (l/Pp^ 


In 


P1P2 


p;p2 


«>  -2k. C R 
(G/R2)e  1 


„ -2k.  C (R  + AR) 

(G/(R  + ARr)e  1 


«,  -2k„C  R 

(G/R2)e  2 


,,  -2k0C  (R  + AR) 

(G/(R  + AR)  ) e 


rjPtARN(R)£A 


NEP/F  = (AdAf)1/2(D*)_1/F  = 


(£) 


1/2 


(D*)_1/F 


/2Qj</S^B~ he  D* 


The  SNR  may  be  simplified,  i.  e. , 


Q P 


SNR  = 


eff 


2 NEP/F 
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where 


Q 

Peff 

€(R) 


2(k1C1  - k2C2)  AR 

G«(R) 

R“2e-2kCH 


In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 


Step  1: 


D*  = 1011cm  Hz1  2W 


1 


Step  2: 


Calculate:  NEP/F 
Assume: 

F = 10  for  heterodyne  detection 

t = 100  nsec 
s 

Result:  Plot  in  Figure  7.  2.  2-3  shows  NEP/F  versus 
for  different  number  of  pulses  n. 

Calculate:  G 
Assume: 

AR  = 1500  cm 

P 


N(R)l3  « 8 x l0~^cm~*ster  * 


= 2 x 10^W  for  a 2 x 10  laser,  having  a 
2 

10  cm  beam  area  and  a pulse  duration  of  100  nsec 


t 


Step  3: 


Step  4: 


Result:  Plot  in  Figure  7.  2.2  -4  shows  G versus  receiver 
aperture  area  AQ  for  three  values  of  overall 
efficiency  (optical  and  mechanical  shutters) 

_ , , , _-2  -2kCR 

Calculate:  £(R)  = R e 

Assume:  kC  = 0,  . 3,  1,  3 km  * 

Result:  Plot  in  Figure  7.  2.2-5  shows  5(R)  versus  R 
for  the  above  values  of  kC 

Calculate:  P ff  = G £(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 

Result:  Plot  in  Figure  7.  2.2-6  which  shows  Pgff  vs. 
5(R)  for  different  values  of  G. 
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Figure  7.  2.  2-3.  NEP  versus  for  Different  Values  of 
Number  of  Pulses,  Assuming  D*  = 
1011cmH1/2W'1  and  t = 100  ns. 


7.  2.  2.  4g 


Step  5: 


Step  6: 


Calculate:  Q for  (a)  NO,  and  (b)  CO. 
Assume:  AR  = 0.  015  km 


(a)  ^(5.  262um)C  = k1(NO)C(NO)+  k^HgOJCtflgO) 

k2(5.  176Mm)C  = k2(NO)C(NO)  + k2(H20)C(H20) 


kj(NO)  = 1.  04  ppm-1km-1 


-1 


k,  (H0O)C(H00)  = 2.  02  km  for  10  torr 

1 ^ c -1-1 
k2(NO)  = 0.  275  ppm  km 


-1 


k2(H20)C(H20)  = 2.  01  km  for  10  torr 


(b)  Absorption  coefficients  of  CO  for  specific  laser 
lines  have  not  been  determined  yet. 

Result:  Plot  in  Figure  7.  2.  2.  7 shows  Q for  nitrous 
oxide  versus  concentration  for  AR  = 15  m. 

Calculate:  System  Performance  for  SNR  = 1’1'  e-  ,Peff 

i)  Determine  NEP/F  (Step  1) 

ii)  Calculate  Q for  desired  concentration  (Step  5, 


2 NEP/F 
— 0 


Figure  7.  2.2-7) 

iii)  Locate  intersection  between  NEP/F  and  Q in 
Figure  7.2. 2-8  and  determine  Peff.  If  intersection 
is  not  within  the  limits  of  the  graph,  the  measure- 
ment is  not  feasible  beyond  100  m. 

iv)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7. 2.2-4. 

v)  Find  intersection  between  G and  Pgff  in  Figure 
7.2.2  -6  and  determine  $(R). 

vi)  Find  distance  R in  Figure  7.  2.  2-5  for  a given  kC. 
The  value  of  kC  may  be  estimated  by  dividing 

0.  015  into  Q,  because  Q*kCAR  and  AR  = 0.  015  km. 
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7.  2.  2.  5 
7.  2.  2.  6a 


7.  2.  2.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7. 1. 1.  For  NC>x,  the  range  of  interest  is 
from  0 to  . 35  ppm.  This  overall  range  may  be  divided  into  three 
subranges: 

Low  0.  02  to  0.  08  ppm 

Medium  0.  10  to  0. 20  ppm 

High  0.  25  to  0.  35  ppm 

However,  the  concentrations  for  NO  are  expected  to  be  less  than  those 
of  NO  . The  MWIR-DAS  remote  monitor  must  measure  the  NO  con- 

X X 

centration  as  determined  by  a reference  method  for  the  three  ranges 
to  within 


Low  0.  02  ppm 

Medium  0.  02  ppm 

High  0.  03  ppm 

For  carbon  monoxide,  the  range  for  automated  methods  must  be  45  ppm 
with  the  following  ranges 

Low  7-11  ppm 

Medium  20-30  ppm 

High  35-45  ppm 


7.  2. 2.6  Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good  approxi- 
mation by 


C(ppm)  = 


106  In  Q 
2 (kx-k2)  A JR 
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7.  2.  2.  6b 


w here 

P1(R)P2(R  + AR) 

Q = PX(R  + AR)  P2(R) 

Fig.  7.  2.  2-9  is  a typical  received  signal  from  the  on-wavelength  (lower 
curve)  and  off -wavelength  (upper  curve)  laser  beams  as  a function  of  range. 
The  four  signals  are  determined  from  analog  signals  as  given  in  Figure 
7.  2.  2-9.  The  absorption  coefficients  and  kg  are  as  follows: 


7.  2.  3 
7.  2.  3.  2a 


7.  2.  3 SWIR  Differential  Absorption 

7.  2.  3.  1 Principle  of  Operation 

The  measurement  principle  of  short  wavelength  infrared  (SWIR) 
differential  absorption  is  used  to  obtain  range -resolved  concentrations 
of  NC>x,  sOg  and  hydrocarbons.  Laser  pulses  at  two  different  wavelengths 
in  the  2.  5-4.  Ojjn  region  are  emitted  and  the  backscattered  signals  are  re- 
corded. By  differencing  the  wavelength-dependent  and  ratioing  the  time- 
dependent  backscattered  signals,  the  pollutants  transmission  can 
be  determined  as  a function  of  range.  The  concentration  of  the  pollutant 
is  proportional  to  the  logarithm  of  the  monochromatic  transmission.  The 
proportionality  factor  is  the  monochromatic  absorption  coefficient  which 
must  be  known. 

7.  2.  3.  2 System  Description 

The  system  consists  of  an  energy  source  of  one  or  two  pulsed 
lasers,  an  optical  system  which  may  be  common  to  the  transmitter  and 
receiver,  and  the  receiver  detector,  electronics  and  data  display.  A 
block  diagram  indicating  the  essential  elements  of  a typical  system  using 
direct  direction  (dd)  is  basically  the  same  as  was  shown  for  the  LWIR 
system  in  Figure  7.  2.  3-1.  Heterodyne  detection  (hd)  is  not  useful  for 
SWIR.  It  should  be  noted  that  no  prototype  SWIR -DAS  system,  using 
two  lasers  has  been  tested  as  yet.  The  maximum  permissible  energy 
(MPE)  for  laser  systems  has  been  promulgated  by  DHEW  in  21CFR1040. 

If  the  regulations  of  the  American  National  Standards  Institute  (ANSI)  are 
adopted,  the  MPE  may  be  increased  by  a factor  50. 
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7.  2.  3.  2b 


AEROSOL 


AEROSOL 


Figure  7.  2.  3-1.  Block  Diagram  for  SWIR  DAS  System  Using 
Single  Laser  and  Direct  Detection  (adopted 
from  Ref.  249). 
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7.  2.  3.  3a 


7.  2.  3.  3 System  Parameters 

Commercially  Available  Lasers 

HF  Gas  Laser 
DF  Gas  Laser 

Other  lasers  that  have  transitions  in  the  SWIR  region,  but  are  not  com- 
mercially available  at  present,  include  Kr,  Ne,  Ar,  I,  Xe,  Br,  Og,  Cl, 
Cs,  N2,  C,  HC1  and  HBr  (Refs.  256  and  257). 

Operational  Wavelengths 

Have  not  been  determined  yet.  These  wavelengths  will  determine 
which  of  the  above  lasers  are  actually  usable  for  this  technique. 

Laser  Energy 

-4  2 

2 x 10  J/cm  for  1-100  ns  pulses 

1.  1 x 10  "2t 14 J/cm2  for  100  ns  - 10  s pulses 

Shortest  pulse  duration  of  commercially  available  HF  and  DF  lasers  is 
500  nsec  and  300  nsec,  respectively.  In  order  to  obtain  a resolution 
element  of  15  m,  this  will  need  to  be  reduced  to  100  nsec.  However, 
there  are  no  sensitive  detectors  available  with  such  short  rise  times. 
Available  energy  exceeds  MPE  by  orders  of  magnitude.  ANSI  regu- 
lations would  permit  50  fold  increase  in  labor  energy. 

Detector 

Commercially  available  detectors  with  highest  D*  and  shortest 
risetimes  at  operating  temperatures  of  200K  are 

Lead-Sulfide  (D*~2  x 109cm  Hz1  2/W,  tc~3  usee,  *max  = 3.  5 4m) 
(D*~2.  5 x 109cm  Hz1  2/W,tc~l  ysec,  Xmax  = 4 ym) 
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7.  2.  3.  3b 
7.  2.  3.  4a 

2 

Active  areas  can  range  from  0.  001  to  8 mm  for  the  detector  peaking 

2 

at  3.  5 pm,  but  range  from  1 to  16  mm  for  the  detector  peaking  at  4 pm. 
The  long  rise  time  of  1000  nsec  may  cause  a severe  loss  of  sensitivity 
as  the  detector  cannot  respond  significantly  to  the  laser  pulse. 

Optics 

Collecting  Aperture  Aq 

Solid  Angle 

Optical  Efficiency  tj 

Detector  Optics  Ad^d  (=A0^V 


These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below). 

Electronic  Bandpass 


where  tg  is  the  pulse  duration.  The  number  of  pulses  to  be  sampled 
is  a variable  that  can  be  used  to  increase  the  SNR. 


7.  2.3.4  Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a detector -noise -limited  system.  The  signal -to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration  by  DAS 
is  given  by 


SNR  = 


dP  /( 1/Pj)2  +(1/P{)2  +(1/P2)2  Ml/Pg)2 
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7.  2.  3.  4b 


* 


where 

In  Q* 

P1 

P P ' 

In  12 

P1 P2 

« -2k,  C R 
(G/R>  1 

p; 

= 

0 -2k.  C (R  + AR) 

(G/(R  + AR)2)  e 1 

P2 

= 

0 -2k0C  R 

(G/R2)  e 2 

P2 

= 

« -2k0C  (R  + AR) 

(G/(R  + AR)2)  e 2 

G 

— 

tj  Pt  AR  N(R)  8 A 

dP 

U 

NEP/F  = (AdAf)1/2(D*)‘1/F  = 1 

/ A \1/2 

U rr)  (D*)  /F 

F 

__ 

1 

s 

The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


Q P 


eff 


2 NEP/'F 


where 

Q 


C(R)  = 


2(k1Cl  - k2C2)  AR 

G«(R) 

R-2e-2kCR 
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7.  2.  3.  4c 


In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 

Step  1:  Calculate:  NEP/F 

Assume:  D*  = 3 x 10^  cm  Hz  W 
F = 1 

t = 1000  nsec 
s 

Result:  Plot  in  Figure  7.  2.  3-2  shows  NEP/F  versus  Ad 

for  different  number  of  pulses  n.  It  should  be  noted 
that  the  values  for  NEP/F  are  down  by  3 orders  of 
magnitude  when  compared  with  the  LWIR  region. 

Step  2:  Calculate:  G 

c — -8  - 1 - 1 

Assume:  N(R)/3  * 8 x 10  cm  ster 

AR  = 1500  cm 

4 -3 

P = 2 x 10  W for  a 2 x 10  J laser,  having  a 
t o 

10  cm  beam  area  and  a pulse  duration  of  100  nsec 

Result:  Plot  in  Figure  7.  2.  3 -3  shows  G versus  receiver 
aperture  area  A^  for  three  values  of  overall 
efficiency  (optical  and  mechanical  shutters) 

-2  -2kCR 

Step  3:  Calculate:  $(R)  = R e 

Assume:  kC  = 0,  . 3,  1,  3 km 

Result:  Plot  in  Figure  7.  2.  3-4  shows  $(R)  versus  R 
for  the  above  values  of  kC 

Step  4:  Calculate:  Pe^f  = G $(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 
Result:  Plot  in  Figure  7.  2.  3-5  which  shows  Pg{{  vs. 

£(R)  for  different  values  of  G. 
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Figure  7.  2.  3-2.  NEP  versus  A , for  Different  Values  of 
of  Pulses,  Assuming  D*  = 3 x lO^cmH 
and  t = 1000  ns. 


Step  5: 


Step  6: 


7.  2.  3.  4h 


Calculate:  Q for  (a)  NO  , and  (b)  S09  and  (c)  hydrocarbons 
Assume:  AR  = 0.015  km 

Absorption  coefficients  of  NO  , S09  and  hydrocarbons  for 
specific  laser  lines  have  not  been  determined  yet.  Calcu- 
lation cannot  be  completed  until  these  values  are  available. 


Calculate:  System  Performance  for  SNR  = 1 , i.  e. , P 


i) 

ii) 

iii) 


eff 


iv) 

v) 

vi) 


Determine  NEP/F  (Step  1) 

Calculate  Q for  desired  concentration  (Step  5, 

Figure  7.  2.  3-6) 

Locate  intersection  between  NEP/F  and  Q in 
Figure  7. 2.3-7  and  determine  Pg^.  if  intersection 
is  not  within  the  limits  of  the  graph,  the  measure- 
ment is  not  feasible  beyond  100  m. 

For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7. 2.3-3. 

Find  intersection  between  G and  P in  Figure 
7.2 . 3 -6  and  determine  £(R). 

Find  distance  R in  Figure  7.  2.  3-4  for  a given  kC. 
The  value  of  kC  may  be  estimated  by  dividing 
0.  015  into  Q,  because  Q«kCAR  and  AR  = 0.  015  km. 


2 NEP/F 

— <3 
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7.  2.  3.  4i 


Figure  7.  2.  3-6.  Q versus  Concentration  of  NO*,  SC^  and  <HC> 
for  a Resolution  Element  of  15  m. 


See  Step  5,  absorption  coefficients  required  for 
this  graph  are  not  yet  determined. 


Figure  7. 2. 3. -7.  P versus  NEP/F  for  Different  Values 


7.  2.  3.  5 a 


I 


7.  2.  3.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7.  1.  1.  For  SOg,  the  range  of  interest  is 
from  0 to  . 5 ppm.  This  overall  range  may  be  divided  into  three 
subranges: 

Low  0.  02  to  0.  05  ppm 

Medium  0.  10  to  0.  15  ppm 

High  0.  40  to  0.  50  ppm 

The  SWIR-DAS  remote  monitor  must  measure  the  SOg  concentration 
as  determined  by  a reference  method  for  the  three  ranges  to  within 

Low  0.  02  ppm 

Medium  0.  03  ppm 

High  0.  04  ppm 

For  NOx,  the  range  of  interest  is  from  0 to  . 35  ppm.  This  overall 

range  may  be  divided  into  three  subranges: 

Low  0.  02  to  0.  08  ppm 

Medium  0. 10  to  0.  20  ppm 

High  0.  25  to  0.  35  ppm 

However,  the  concentrations  for  NO  are  expected  to  be  less  than  those 

of  NO  . The  SWIR-DAS  remote  monitor  must  measure  the  NO  con- 
x x 

centration  as  determined  by  a reference  method  for  the  three  ranges 
to  within 

Low  0.  02  ppm 

Medium  0.  02  ppm 

High  0.  03  ppm 

For  the  total  hydrocarbons  (non- methane),  the  range  for  automated  methods 
ought  to  be  2 ppm,  with  the  following  ranges 
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7,  2.  3.  5b 
7.  2.  3.  6a 


Low 

to 

1 

to 

00 

ppm 

Medium 

. 5 - . 6 

ppm 

High 

1 - 2 

ppm 

In  general,  however,  the  concentration  of  ethylene  will  appreciably  be 
less  than  those  for  the  total  hydrocarbons/non- methane  concentrations. 


7.  2.  3.  6 Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good  approxi- 
mation by 


C(ppm) 


106  In  Q 
2 (kj-kj)  AR 


where 


Q = 


P^R)  P2(R  + AR) 
Pj(R  +AR)  P2(R) 
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7.2.3.  6b 

Figure  7.  2.  3-8  is  a typical  received  signal  from  the  on-wavelength  (lower 
curve)  and  off-wavelength  (upper  curve)  laser  beams  as  a function  of  range. 
The  four  signals  are  determined  from  analog  signals  as  given  in  Figure 
7.  2.  3-8.  The  absorption  coefficients  and  kg  have  not  been  determined 
yet. 


Figure  7.  2.  3-8.  Analog  Signals  P^R),  P„(R),  P^R-fAR) 
and  Pg(R+AR) 
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7.  2.  4 UV/Visible  Differential  Absorption 

7.  2.4.  1 Principle  of  Operation 

The  measurement  principle  of  ultraviolet/visible  (UV/Visible) 
differential  absorption  is  used  to  obtain  range -resolved  concentrations 
of  SOg  and  NOg.  Laser  pulses  at  two  different  wavelengths  in  the  2000- 
5000  A region  are  emitted  and  the  backscattered  signals  are  recorded. 

By  differencing  the  wavelength -dependent  and  ratioing  the  time -dependent 
backscattered  signals,  the  pollutants  transmission  can  be  deter- 
mined as  a function  of  range.  The  concentration  of  the  pollutant  is  pro- 
portional to  the  logarithm  of  the  monochromatic  transmission.  The  pro- 
portionality factor  is  the  monochromatic  absorption  coefficient  which  must 
be  known. 

7.  2.  4.  2 System  Description 

The  system  consists  of  an  energy  source  of  one  or  two  pulsed 
lasers,  an  optical  system  which  may  be  common  to  the  transmitter  and 
receiver,  and  the  receiver  detector,  electronics  and  data  display.  A 
block  diagram  indicating  the  essential  elements  of  a typical  UV/visible 
DAS  system  is  shown  in  Figure  7.  2.  4.  1.  It  should  be  noted  that  no 
prototype  UV/visible  DAS  system,  using  two  lasers  has  been  tested  as 
yet.  The  maximum  permissible  energy  (MPE)  for  laser  systems  has 
been  promulgated  by  DHEW  in  21CFR  1040. 

7.  2.4.  3 System  Parameters 

Commercially  Available  Lasers 

N2  Gas  Laser 

Xe  Gas  Laser 

Neodymium  Yag  Solid  State  Laser 

RDA  Ruby 

Dye  Lasers 
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7.  2.  4.  3b 


Figure  7.  2.  4-1.  Conceptual  Block  Diagram  of  a UV  Visible 
DAS  System  (Based  on  Ref.  264). 
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7.  2.  4.  3c 


Other  lasers  that  have  transitions  in  the  UV/visible  region,  but  are 
not  commercially  available  at  present,  include  Ar,  Cl,  S,  Kr,  Ne, 
F,  02,  P,  B,  Pb,  Si,  Se,  In,  and  I.  (Refs.  265  and  257). 

Operational  Wavelengths 
Have  not  been  determined  yet. 


Laser  Energy 

For  2500  < X <4000  A,  the  maximum  permissible  laser  energy 

ranges  from  6.  2 to  10  ^ to  . 02lJ/cm2  for  any  pulse  length.  In  the 

visible  spectrum,  4000  <X  < 7000  A,  the  laser  energy  is  dependent  on 

the  pulse  length,  ranging  from  5.  2 x 10'7J/cm2  for  r < 10"5sec  to 
mm  ^ 2 s 

7 x 10  J cm  for  t<^  = 1 sec.  These  values  are  consistent  with  de- 

creasing  the  laser  power  (W)  for  longer  pulse  durations.  Shortest 

pulse  duration  of  commercially  available  UV/visible  lasers  is  in  the 

nsec  range.  Available  energy  exceeds  MPE  by  orders  of  magnitude. 

Detector 

Commercially  available  detectors  are  photomultipliers  or 
Digicons  having  response  curves  S-13  or  S-19.  These  tubes  are  very 
sensitive  and  have  low  noise  figures.  In  general,  the  UV/visible  re- 
ceivers become  shot  and/or  background  noise  limited. 


Optics 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 


O 


"opt 

A ,Q,  (=A  Q ) 
d d oo 


These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below) 
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7.  2.  4.  4a 


7.  2.  4.  4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a shot-noise-limited  system.  The  signal -to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration  by  UV 1 
visible  DAS  is  given  by 


SNR  = 


In  Q 


dP  7(1/ Px)2  + (l/P')2  +(1/P2)2  +(1/Pp2 


where 


In  Q‘ 


pi 


P ' 
*2 


G 

dP 


In 


P1P2 
P1 P2 


, -2k. C R 
(G/R> 

, -2k. C (R  + AR) 

(G/(R  + AR)  )e  1 

, -2k, C R 

(G/R^e 

« -2k, C (R  + AR) 

(G/(R  + AR)  ) e 

n pt  ar  n(R)  fl  AQ 

(Pe{f  hy/r?ts)1/2 


The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


Q / Vs 


~W~  peff) 


1/2 
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7.  2.  4.  4b 


2(k1C1  - k2C2)  AR 
G«(R) 

R-2e-2kCK 

In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 

Step  1:  Calculate:  G 

— s—  _7  _i  _i 

Assume:  N(R)0  « 8 x 10  cm  ster 
AR  = 1500  cm 

P,  = 2 x 10"*J  for  3000  - 4000  X and  5.  2 x 10~^J  for 
t 2 

4000-7000  l,  using  10  cm  laser  beam  area 

_7 

and  pulse  duration  of  10  sec. 

Result:  Plot  in  Figure  7.  2.  4-3  and  -4  shows  G versus  re- 
ceiver aperture  area  A for  three  values  of  overall 
efficiency  (optical  and  mechanical  shutters) 

-2  -2kCR 

Step  2;  Calculate:  £(R)  = R e 

Assume:  kC  = 0,  . 3,  1,  3 km 

Result:  Plot  in  Figure  7.  2.4-5  shows  $(R)  versus  R 
for  the  above  values  of  kC 

Step  3 : Calculate:  Pgff  = G $(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 
Result:  Plot  in  Figure  7.  2.4-6  which  shows  Peff  vs. 

£(R)  for  different  values  of  G. 


where 


Q 

P 


eff 

C(R)  = 
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Figure  7.  2.  4-3.  Function  G versus  A0  for  Three  Values 
of  rj.  using  AR  = 15  m,  N(R)j3  = 8 x 10"  ‘ 
cm-lster-i  and  Pt  = 2 x 10"M  for  10  cm^ 
laser  beam  area,  useful  in  range  3000-4000  i. 


7.2.  4.  4d 


V = . 1 


T7  = . 01 


107000 


inction  G versus  A for  Three 
ilues  of  rj,  using  A$  = 15  m,  N 
)P  ■ 8 x 10  "^cm"‘ster-1  and  P.  = 
2 x 10"®  J for  10  cm2  laser  beam 
ea,  useful  in  the  visible  region 
om  4000  to  7000  A. 


7.  2.  4.  4g 


Step  4:  Calculate  Q for  (a)  SOg  and  (b)  NOg 

Assume:  AR  = 0. 015  km 

Absorption  coeffients  of  SOg  and  NC^  for  specific 

laser  lines  have  not  been  determined  yet.  Calculation 

cannot  be  completed  until  these  values  are  available. 

Result:  Q versus  C to  be  plotted  in  Figure  7.  2.  4 -7. 

Step  5:  Calculate:  System  Performance  for  NSR  = 1,  i.  e. , 

P =_*!_  4 

eff  V tg  Q2 

(i)  Calculate  Q for  desired  concentration  (Step  4, 

Figure  7.  2.4-7) 

(ii)  Locate  intersection  between  \ and  Q in  Figure 
7.  2.  4 -8  and  determine  P^ 

(iii)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7.  2.  4-3  or  4. 

(iv)  Find  intersection  between  G and  Pgff  in  Figure 
7.  2.  4 -8  and  determine  £ (R). 

(v)  Find  the  distance  R in  Figure  7.  2.  4-5  for  a given  kC. 
The  value  of  kC  may  be  estimated  by  dividing  0.  015 
into  Q,  because  Q**R  CAR  and  AR  = 0.  015  km. 
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Figure  7.  2.4-7.  Q versus  Concentration  of  SOg  and  NOg 
for  a Resolution  Element  of  15>  m. 

See  Step  4,  absorption  coefficients  required 
for  this  graph  are  not  yet  determined. 


7.  2.  4.  5 


1 


7.  2.  4.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors  were 
described  in  Section  7. 1. 1.  For  NOx,  the  range  of  interest  is  from  0 to 
. 35  ppm.  This  overall  range  may  be  divided  into  three  subranges: 

Low  0.  02  to  0.  08  ppm 

Medium  0. 10  to  0.  20  ppm 

High  0.  25  to  0.  35  ppm 

However,  the  concentrations  for  NO  are  expected  to  be  less  than  those  of 
NOx>  The  UV/VIS-DAS  remote  monitor  must  measure  the  NOx  concentration 
as  determined  by  a reference  method  for  the  three  ranges  to  within 

Low  0.  02  ppm 

Medium  0.  02  ppm 

High  0.  03  ppm 

For  SOg,  the  range  of  interest  is  from  0 to  . 5 ppm.  This  overall  range 
may  be  divided  into  three  subranges: 

Low  0.  02  to  0.  05  ppm 

Medium  0. 10  to  0. 15  ppm 

High  0.  40  to  0.  50  ppm 

The  SWIR-DAS  remote  monitor  must  measure  the  SOg  concentration  as  deter- 
mined by  a reference  method  for  the  three  ranges  to  within 

Low  0.  02  ppm 

Medium  0.  03  ppm 

High  0.  04  ppm 
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7.2.4.6a 


7.  2.  4.  6 Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good 
approximation  by 

_x  _ 106  In  Q 

C(ppm)  XTkj--  k2)  £R 


where 

P^R)  P2  (R  + £R) 

Q=  PT  (R  + AR)  P2  (R) 

Figure  7.  2.4-9  is  a typical  received  signal  from  the  on-wavelength  (lower 
curve)  and  off -wavelength  (upper  curve)  laser  beams  as  a function  of  range. 
The  four  signals  are  determined  from  analog  signals  as  given  in  Figure 
7.  2.  4-9.  The  absorption  coefficients  and  k2  have  not  been  determined 
yet. 
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7.2.  5 
7.2.5.  2a 


7.2.5  LIDAR 

7.  2.  5. 1 Principle  of  Operation 

The  measurement  principle  of  Lidar  is  used  to  obtain  range  - 
resolved  opacities  due  to  particulate  matter.  Laser  pulses  in  the 
visible  spectrum  are  emitted  and  the  backscattered  signals  are  re- 
corded. By  ratioing  the  time -dependent  backscattered  signals,  the 
particulate  matter  transmission  can  be  determined  as  a function  of 
range.  The  concentration  of  the  particles  is  proportional  to  the  logarithm 
of  the  transmission.  The  proportionality  factor  is  the  extinction  coeffi- 
cient which  must  be  known.  Since  the  NAAQS  is  given  in  terms  of  mass 
density,  relationships  between  opacity  and  mass  dmsity  for  different 
particles  must  first  be  established.  Tentative  relationships  have  been 
proposed  as  discussed  in  the  Lidar  section  (in  particula* , Section  5.  2. 1. 1). 

7.  2.  5.  2 System  Description 

The  system  consists  of  an  energy  source  of  one  or  two  pulsed 
lasers,  an  optical  system  which  may  be  common  to  the  tramitter  and 
receiver,  and  the  receiver  detector,  electronics  and  data  display.  A 
block  diagram  indicating  the  essential  elements  of  a typical  system 
(Figure  7.  2.  5-1)  is  basically  the  same  as  for  UV/VIS  DAS,  except  that 
only  one  wavelength  instead  of  two  is  required.  The  maximum  permissable 
energy  (MPE)  for  laser  systems  has  been  promulgated  by  DHEW  in  21CFR1040. 
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7.  2.  5.  2b 


LASER  OUTPUT  LASER  RETURN 


Figure  7.  2.  5-1.  Conceptual  Block  Diagram  of  a LIDAR  System 

(Based  on  Ref.  264). 
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7.  2.  5.  3a 


7.  2.  5.  3 System  Parameters 

Commercially  Available  Lasers 

Ar  Gas  Laser 
Ar/Kr  Gas  Laser 
Ne  Gas  Laser 
Kr  Gas  Laser 
Xe  Gas  Laser 

Neodymium  Yag  Solid  State  Laser 
Ruby  Solid  State  Laser 
Dye  Laser 


Operational  Wavelengths 


Laser 

0 

X(A) 

Pmax(J> 

rs(nS) 

Ar 

4579-5395 

10“4 

6000 

Ar/Kr 

4580-6470 

10-6 

15 

Kr 

4762-6764 

6 x 10'5 

40 

Ne 

5401 

3 x 10“5 

3 

Xe 

3645-5395 

10"4 

500 

Neod-Yag 

5320 

4 x 10-2 

15 

Ruby 

6943 

1 

150 

Potential  interfering  atmospheric  lines  are  listed  in  Refs.  265  and  266. 

Laser  Energy 

-7  2 -5 

5.  2 x 10  j/cm  for  pulses  < 10  sec. 

Shortest  pulse  duration  of  commercially  available  CO2  lasers  is  in  the  nsec 
range.  Available  energy  exceeds  MPE  by  orders  of  magnitude. 
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7.  2.  5.  3b 
7.  2.  5.  4a 

Detector 

Commercially  available  detectors  are  photomultipliers  or 
Digicons  having  the  response  curve  S-19.  These  tubes  are  very 
sensitive  and  have  low  noise  figures.  In  general,  the  UV/visible 
receivers  become  shot  or  background  noise  limited. 


Cfrtics 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 


0 


'opt 

A .0,  (=A  n ) 
d d oo 


These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
tne  operational  requirements  (see  below). 

7.  2.  5.  4 Theor  tical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a shot -noise -limited  system.  The  signal-to- 
noise  ratio  for  the  determination  of  the  opacity  due  to  particles  is 
given  by 


SNR  = 


In  Q 


dP  /(1/P^2  + (1/Pj)2 


where 


In  Q 

P 

P' 


ln  jp" 

, -2/9  .R 

(G/R2)  e 6Xt 

2 -20ext(R+AR) 
(G/(R  + AR)  )e  ext 
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7.  2.  5.  4b 


G 

rjPtAR  N(R)j3  Aq 

dP 

<Peff  hlf/V=,1/2 

The  SNR  may  be  simplified,  i.  e. , 

T)  ts  1/2 

SNR  ' -T  ( Z peff> 

where 

Q 

2 SextiR 

P « 
eff 

C(R) 

= G $(R) 

"2  "20extR 
= Re 

where 

^ext 

is  the  extinction  coefficient. 

In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 

Step  1: 


Step  2: 


Calculate:  G 

-7  -l  -1 

Assume:  N(R)|3  « 8 x 10  cm  ster 
AR  = 1500  cm 

Pj.  = 5.  2 x loHv  for  10  cm^  laser  beam  area 
and  4000-7000  J. 

Result:  Plot  in  Figure  7.  2.  5-2  shows  G versus  receiver 
aperture  area  Aq  for  three  values  of  overall 
efficiency  (optical  and  mechanical  shutters) 

-2  -WextR 

Calculate:  £(R)  = R e 


Assume: 

Result: 


0ext  = O,  . 3,  1,  2 km 


■1 


Plot  in  Figure  7.  2.  5-3  shows  £(R)  versus 
R for  the  above  values  of 
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7.  2.  5.  4c 


r 


Step  3: 


Step  4: 


Step  5: 


Calculate:  Pgff  = G £(R) 

Assume:  Useful  range  of  R between  100  and  1000  m. 

Result:  Plot  in  Figure  7.  2.  5-4  which  shows  P ^ vs. 

£(R)  for  different  values  of  G. 

Calculate:  Q for  particulate  matter 

Assume:  AR  = 15  km.  Use  approximate  relationship 

between  mass  density  and  total  extinction  coefficient 
as  outlined  in  Section  5.  2.  1. 1 in  this  report. 
Result:  Plot  in  Figure  7.  2.  5-5  shows  Q for  particulate 
matter  versus  mass  density  for  AR  = 15  km. 
also  following  table,  where  Q is  given  as  functions 
of  wavelength  and  mass  density. 


X 

II 

© 

30 

100 

300 

1000 

4000 

1.  70"3 

3.  46~3 

9.  63~3 

2. 73"2 

8.  80"2 

4500 

1.  14“3 

2.71'3 

8.  17~3 

2.  38  "2 

7.85"2 

5000 

8.37'4 

2.  24~3 

7. 15"3 

2.  12 _2 

7.  02"2 

5500 

6.  57  ”4 

1.  93~3 

6.  38 ~3 

1.91-2 

6.  36"2 

6000 

5.  II'4 

1.  67"3 

5.  74"3 

1.  74  "2 

5.80"2 

6500 

4.  30'4 

1.  50"3 

5.  24~3 

1.  59*2 

5.  34  "2 

7000 

3.  5l”4 

1.  34 ‘3 

4.81'3 

1.  47  "2 

4.  94"2 

Calculate:  System  Performance  for  SNR  = 1,  i.  e. , Pg^= 

i)  Calculate  Q for  desired  mass  density  and  wavelength 
(Step  4,  Figure  7.  2.  5-5) 

ii)  Locate  intersection  between  X and  Q in  Figure  7.  2.  5-6 

and  determine  P If  intersection  is  not  within  the 
eff 

limits  of  the  graph,  the  measurement  is  not  feasible 
beyond  100  m. 
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7.  2.  5.  4g 
7.  2.  5.  5a 


iii)  For  a given  receiver  optics  area  and  overall  efficiency, 
determine  G from  Figure  7.  2.  5-2. 

iv)  Find  intersection  between  G and  in  Figure  7.  2.  5-4 
and  determine  £(R). 


v)  Find  distance  R in  Figure  7.  2.  5-3  for  a given  0gxt.  The 
value  of  |9  ^ may  be  estimated  by  dividing  0.  015  into  Q, 

PXT 

because  and  AR  = 0.  015  km. 

3 

Example:  (i)  For  a mass  density  of  300  ug/m  , one  finds  in  Figure 

7.  2.  5-5  Q = 1.  8 x 10"2  for  X = 5000  k.  (ii)  In  Figure  7.  2.  5-6,  one 

finds  P « = 9 x 10-8.  (iii)  In  Figure  7.  2.  5-4,  one  finds  G - 240Wcm 
eff  o 

for  v = . 1 and  A = 1000  cm  . (iv)  The  intersection  in  Figure  7.  2.  5-4. 

op  2 — 10 

between  P „ = 9x  10  W and  G = 240Wcm  results  in  £(R)  » 5 x 10 
« eff  n 

cm.  (v)  For  0ext  = 1.  8 x 10/0.  015  = 1.  2,  R becomes  about  300  m. 


7.  2.  5.  5 Special  Performance  Requirements 


The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7. 1. 1.  For  particulate  matter  (TSP),  the 
range  of  interest  is  from  60  to  350  vg/m.  This  overall  range  may  be 
divided  into  three  subranges: 

3 

Low  60  to  90  ug/m 

3 

Medium  150  to  200  ug/m 

3 

High  250  to  350  ug/m 

The  Lidar  monitor  must  measure  the  TSP  density  as  determined  by  a 
reference  method  for  the  three  ranges  to  within 

3 

Low  20  yg/m 

3 

Medium  30  ug/m 

3 

High  40  ug/m 
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7.  2.  5.  5b 
7.  2.  5.  6a 


However,  as  was  shown  in  Section  5.  2. 1. 1,  the  TSP  density  is  not 
measured  directly  by  an  optical  method.  Thus,  either  the  relation- 
ship between  extinction  and  mass  density  must  be  firmly  established 
or  EPA  develops  a NAAQS  based  on  the  extinction  due  to  TSP. 


7,  2.  5.  6 Data  Analysis  Procedure 

The  mass  density  of  TSP  is  determined  approximately  by 


where 


P(U g/m  ) = 


- Mx)  + 64-  °A(A)  - 3.  36  x 10"4 


3N  ext  " R 


[12.  0/X(A)]  - 6.3  x 10' 


Q 


In  Q 
2 A R 

P(R)/P  (R-fAR),  as  determined  according  to  Figure 
7.  2.  5-7,  which  shows  a typical  received  signal  as 


a function  of  range. 

0R(i)  = Rayleigh  attenuation  coefficient  as  given  in  Figure 
7.2.  5-8 


Figure  7.2.  5-7.  Analog  Signals  P(R),  and  P(R+AR)  vs.  Range 
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7.  3 Remote  Monitors  Providing  Line  Average  Data 
7.  3. 1 LWIR  Long- Path  with  Laser  Source 


7 3 

1.  3. 1.  2a 


7.  3. 1. 1 Principle  of  Operation 

The  measurement  principle  of  long  wavelength  infrared  (LWIR) 
long-path  transmission  is  used  to  obtain  line  averaged  concentrations 
of  ozone  and  certain  hydrocarbons.  Laser  beams  at  two  different  wave- 
lengths in  the  8-12  ^m  region  are  emitted  and  the  transmitted  signals 
are  recorded  by  a receiver.  By  differencing  the  wavelength- dependent 
signals,  the  average  absorption  of  the  pollutants  can  be  determined. 

The  concentration  of  the  pollutant  is  proportional  to  the  logarithm  of  the 
monochromatic  transmission.  The  proportionality  factor  is  the  mono- 
chromatic absorption  coefficient  which  must  be  known. 

7.  3. 1.  2 System  Description 

The  system  consists  of  one  or  two  lasers  as  transmitter, 
collecting  optics,  which  may  be  common  to  the  transmitter  aid  receiver, 
a detector,  electronics  and  data  display.  A block  diagram  indicating  the 
essential  elements  of  a typical  system  using  direct  detection  (dd)  is  shown 
in  Figure  7.  3. 1-1.  In  order  to  use  a heterodyn  detection  (hd)  system,  a 
frequency  shift  must  be  provided  within  the  instrument  (see  Figure  7.  3. 1-2). 
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7.  3. 1.  2b 


TOPOGRAPHIC 


TARGET 


Figure  7.  3.  1 


Figure  7.  3.  1 


TELESCOPE 


1.  Block  Diagram  for  LWER  Long -Path  System 
Using  Single  Laser  and  Direct  Detection 
(adopted  from  Ref.  249). 


BW-4.J  MM2  BW-lOO  KHZ 


-2.  Block  Diagram  for  LWER  Long -Path 
System  Using  Single  Laser  and  Hetero- 
dyne Detection  (adopted  from  Ref.  258). 
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7.  3. 1.  2c 
7.  3. 1*  3a 


The  hd  method  is  potentially  much  more  sensitive  than  the  dd 
method  and  is  desirable  when  a topographical  reflector  is  used.  The 
maximum  permissible  energy  (MPE)  for  laser  systems  has  been  promul- 
gated by  DHEW  in  21CFR1040.  If  the  regulations  of  the  American 
National  Standards  Institute  (ANSI)  are  adopted,  the  MPE  may  be  in- 
creased by  a factor  50. 

7.  3. 1.  3 System  Parameters 

Commercially  Available  Lasers 

COg  Gas  Laser 
NgO  Gas  Laser 
Semiconductor -Diode  Laser 

Other  lasers  that  have  transitions  in  the  LWIR  region,  but  are  not  com- 
mercially available  at  present,  include  Ne,  Ng,  Xe,  OCS,  I,  Og,  and 
HF  (Refs.  256  and  257).  Both  CW  and  pulsed  lasers  may  be  used. 

Operational  Wavelengths 

COg  (00°1-02°0)  P(14)  9.504  ym  useful  for  ozone  (Ref.  251) 

P(20)  9.  552  ym  useful  for  ozone  " ” 

P(24)  9.  586  ym  useful  for  ozone  " " 


CO«  (00°1-10°0)  P(14)  10.  529  ym  useful  for  ethylene  (Ref.  251) 

P(16)  10.  549  ym  useful  for  ethylene 

P(20)  10.  588  ym  useful  for  ethylene 


ff 

ft 


ft 

ft 


The  coincidence  of  other  transitions  of  the  available  lasers  to  ozone 
and  the  hydrocarbons  have  not  been  reported  as  yet. 

Laser  Energy 

o 

For  CW  lasers,  the  maximum  permissible  power  is  0.  1 W/cm  . 
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7.  3. 1.  3b 
7.3.)  4a 


Detector 

Commercially  available  detectors  with  highest  D*  and  practical 
risetimes  at  operating  temperatures  of  77  K are 

Lead-Tin-Telluride  (D*~5  x lO^cm  Hz^/W,  t~10  ns) 
Mercury-Cadmium-Telluride  (D*~3  x lO^cm  Hz^/W,  t<l  ns) 

These  detectors  can  be  made  to  peak  anywhere  in  the  region  from  8-12  um. 

2 

Active  detector  areas  can  range  from  0.  0025  to  1 mm  . 


Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 


Adnd  <=Acn0> 


These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below).  For  heterodyne  detection, 
the  constraint  for  the  coherent  aperture  must  be  taken  into  account 

<aoo-A 

Electronic  Bandpass 


where  tc  is  the  integration  time. 

7.  3. 1. 4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a detector -noise-limited  system.  The  signal-to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration 
is  given  by 
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SNR  = 


where 


7.  3. 1.  4b 


dP  /( 1/P  )2  +(1/P#)2 


r(R) 

r(R) 


9 -2k, C R 
(G/R>  1 

9 -2k«C  R 
(G/RZ)e 

r»PtAor(R) 

I/O*)  for  retroreflector 

p V*  for  topographical  reflector 
(independent  of  R if  reflecting 
surface  fills  fov)  ^ 

NEP/F  =(AdAf)1/2(D*)_1/F  = ^ (D*)-1/F 

tjQX^n^s/S^  he  D* 


The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


* eff 
H NEP/F 
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7.  3. 1.  4c 

where 

2L(k1-k2).CiR 

G€(R) 

-2-2kCR 

A 6 

In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 

Step  1:  Calculate:  NEP/F 

Assume:  D*  = 3 x 1010cm  Hz^W’1 

F 100  for  heterodyne  detection 
F = 1 for  direct  detection 

Result:  Plot  in  Figure  7.  3. 1-3  shows  NEP/F  (over  an  adequate 
range  to  cover  both  F=1  and  F=100)  versus  for  different  inte- 
gration times. 

Step  2:  Calculate:  G = 17  PtAQr(R) 

Assume:  Pt  = 1 W for  a laser,  having  a 10  cm2  beam  area. 
Result:  Plot  in  Figure  7.  3. 1-4  shows  G versus  receiver 

aperture  area  Aq  for  five  values  of  overall  efficiency 
(optical  and  mechanical  shutters)  and  T(r). 

Step  3:  Calculate:  $(R)  = R"2e"2kCR 

Assume:  kC  = 0,  . 3,  1,  3 km  * 

Result:  Plot  in  Figure  7.  3. 1-5  shows  €(R)  versus  R for 
the  above  values  of  kC. 

Step  4:  Calculate:  Pef{  - G €(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 
Result:  Plot  in  Figure  7.8. 1-6  which  shows  Pgff  vs. 

€(R)  for  different  values  of  G. 
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7.  3. 1.  4h 


Step  5; 


Step  6: 


Calculate:  Q for  ozone  (a)  and  ethylene  (b),  (including 
interfering  species  CC>2  and  HgO) 

a)  Lk1(9.504um)Ci  = k^OgJC  (Og)  + k1(H20)C  (HgO)  + 

k1(C02)C  (C02) 

586^)^  = k^OgJC  (Og)  + k2(H20)C  (H20)  + 

k2(co2)c  (co2) 

kj(Qg)  = 1.25  ppm"1krtt"1 

k1(H20)C  (H20)  = 0. 11  km"1  for  10  torr- 

MCOJC  (CO«)  = 0.  123  km"1  for  330  ppm 

1 1 L _i  _i 

k2(03)  = 0.  08  ppm  km 
k2(H20)C2(H20)  = 0.  09  km"1  for  10  torr 
k2(C02)C2(C02)  = 0. 112  km"1  for  330  ppm 

b)  k1(10.  529ym)C  = k1(C2H4)C  (C2H4)  + k^OjC  (HjO) 
k2(10.  588um)C  = k2(C2H4)C  (C2H4)  + k2(H20)C  (HgO) 

k^(C2H4)  = 2.  98  ppm^km"1 
k1(H20)C  (H20)  = 0. 12  km"1  for  10  torr 
k2(C2H4)  - 0.  15  ppm^km"1 
^(HgOjC  (H20)  * 0.  11  km"1  for  10  torr 

Result:  Plot  in  Figure  7.  3. 1-7  shows  Q for  ozone  and 

ethylene  versus  range  for  different  concentrations. 


Calculate:  System  Performance  for  SNR  * 1,  i.  e. , ^ e‘t 
1)  Determine  NEP/F  (Step  1) 
ii)  Calculate  Q for  desired  concentration  (Step  5, 
Figure  7.  3.1-7) 


NEP/F 
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7.  3. 1.  4j 


iii)  Locate  intersection  between  NEP/F  and  Q 
in  Figure  7.  3. 1-8  and  determine  (Pe^) 

min 

iv)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7.  3.  1-4. 

v)  Determine  £(R)  from  Figure  7.  3. 1-5  for  given 
range  and  kC  and  establish  P^j  for  given  G and 
and  £ from  Figure  7.  3.  1-6. 

vi)  If  (P  „)  > (P  ,.)  experiment  is  feasible. 

en  en  mjn 

-3  2 

Example:  (i)  Assume  the  detector  area  is  10  cm  and  the  integration 

time  is  100  sec.  The  resulting  NEP  for  direct  detection  (F  = 1)  is  5 x 
-14 

10  W from  Figure  7.  3.  1-3.  (ii)  The  minimum  concentration  of  Og 

of  interest  is  0.  06  ppm  thus  Q = . 1 at  a range  of  1 km  from  Figure  7.  3.  1-7. 

-14 

(iii)  The  intersection  between  NEP/F  = 5 x 10  and  Q = . 1 results  in 

(P  = 7 x 10“13W.  (iv)  For  = 1000  cm2,  R = 103  m and  0T  * 

eit  min  ° L 

10"°  sr,  the  value  for  T becomes  0.  03.  With  rj  = . 01  the  product  tj” 

becomes  . 0003,  which  results  in  G = 0.  3 from  Figure  7.  3.  1-4.  (v)  Since 

k = 1.  25  ppm~*km~*  and  C = 0.  06  ppm,  the  product  becomes  . 08.  At  a 

-11  -2 

range  of  1000  m,  one  finds  £ (1000  m)  « 9 x 10  (cm  ) in  Figure  7.  3.  1-5. 

In  Figure  7.  3.  1-6 , one  finds  P^  = 3 x 10"  **W  for  £ = 9 x 10”**  and 

G = 0.  3.  (vi)  Since  (P  ft)  40  indicates  that  for  a detector -noise  - 

en  min 

limited  system,  . 06  ppm  of  Og  may  be  measured  within  2.  5%  accuracy 
over  a range  of  1 km. 
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•>  7.  3.  1.  5 

7.  3. 1.  6a 

7.  3. 1.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7. 1. 1,  and  special  requirements  applicable 
to  ozone  and  total  hydrocarbons  were  described  in  Section  7. 2. 1.  5. 


7.  3. 1. 6 Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good  approxi 
mation  by 


C(ppm)  = 


In  Q 

2 (krk2)  R 


where 

O - p(R> 

Q ‘ TW 

9 

The  two  signals  are  determined  from  analog  signals.  The  absorption 
coefficients  kj  and  kg  are  as  follows: 


• • 

Ethylene 

k1(ppmkm)"^ 

1.25 

2. *98 

@ 9.  504  4m 

@ 10.  529  |iin 

k9(ppmkm)~* 

0.  08 

0.  15 

@ 9.  586  um 

@ 10.  588  um 

As  previously  noted,  the  coincidence  of  transitions  of  available  lasers 

to  other  hydrocarbons  has  not*yet  been  reported.  Since  turbulence  can 

introduce  large  variations  in  the  received  signals,  the  derivative/ratio 
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signal  method  has  been  developed  ’ 
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7.  3. 1.  6b 


Mathematically,  this  method  is  expressed 

J_  = 6 Pr  6k(to)  1 

P dw  6k(w)  <5u)  P 

r r 

where  kQ  is  the  absorption  coefficient  at  the  line  center,  is  the  dis- 
tance, a)  is  the  laser  frequency,  uQ  is  the  frequency  at  the  line  center, 
c is  the  pollutant  concentration,  and  y is  the  half-width  at  half-height. 
For  a given  laser  frequency  the  signal  is  directly  proportional  to  the 
pollutant  concentration.  For  maximum  sensitivity,  the  ratioed  signal 
should  be  evaluated  at  a laser  frequency  where  the  slope  of  the  absorption 
line  is  greatest.  The  only  exception  is  when  the  pollutant  concentration 
is  so  high  that  most  of  the  laser  power  is  absorbed.  In  such  instances 
a weaker  line  should  be  selected. 

The  signal  [(dPr/d«)/Pr]  as  a function  of  pollutant  concentration 
can  be  obtained  from  laboratory  and/or  field  calibration.  The  calibration 
is  made  by  using  a gas  cell  with  a known  amount  of  pollutant  gas.  This 
can  be  done  during  the  actual  field  test  by  observing  the  signal  change 
after  inserting  the  gas  cell.  An  example  of  such  a calibration  was  shown 
in  Figure  2.  5-39. 


2 k Qi  (w  - wo)  c 

/ v2/v2,2 

y [1  + (w-wQ)  A j 


7-102 


7.  3.2 
7.  3.  2.  2 


7.  3.  2 MWIR  Long-Path  with  Laser  Source 

7.  3.  2. 1 Principle  of  Operation 

The  measurement  principle  of  medium  wavelength  infrared  (MWIR) 
long -path  transmission  is  used  to  obtain  line -averaged  concentrations  of 
carbon  monoxide  and  nitrous  oxide.  Laser  beams  at  two  different  wave- 
lengths in  the  4.  8-5. 4 um  region  are  emitted  and  the  transmitted  signals 
are  recorded  by  a receiver.  By  differencing  the  wavelength-dependent 
signals,  the  average  absorption  of  the  pollutants  can  be  determined.  The 
concentration  of  the  pollutant  is  proportional  to  the  logarithm  of  the  mono- 
chromatic transmission.  The  proportionality  factor  is  the  monochromatic 
absorption  coefficient  which  must  be  known. 

7.  3.  2.  2 System  Description 

The  system  consists  of  one  or  two  lasers  as  transmitter,  collecting 
optics  which  may  be  common  to  the  transmitter  and  receiver,  a detector, 
electronics  and  data  display.  A block  diagram  indicating  the  essential 
elements  of  a typical  system  using  direct  detection  (dd)  is  basically  the 
same  as  was  shown  for  the  LWIR  system  in  Figure  7.  3. 1-1.  In  order  to 
use  a heterodyn  detection  (hd)  system,  a frequency  shift  must  be  provided 
within  the  instrument  (see  Figure  7.  2.1-2).  The  hd  method  is  potentially 
somewhat  more  sensitive  than  the  dd  method.  The  maximum  permissable 
energy  (MPE)  for  laser  systems  has  been  promulgated  by  DHEW  in  21CFR1040. 
If  the  regulations  of  the  American  National  Standards  Institute  (ANSI)  are 
adopted,  the  MPE  may  be  increased  by  a factor  50. 
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7.  3.  2.  3a 


7.  3. 2.  3 System  Parameters 

Commercially  Available  Lasers 

Dbl  COg  Pumped  Spinflip  Gas  Laser 
CO  Gas  Laser 
Semiconductor -Diode  Laser 

Other  lasers  that  have  transitions  in  the  MWIR  region,  but  are  not  com- 
mercially available  at  present,  include  DC1,  Ar,  CN,  Kr,  HgO,  Xe,  I, 
and  Og  (Refs.  256  and  257).  Both  CW  and  pulsed  lasers  may  be  used. 

Operational  Wavelengths 


CO,  6-5,  P(20) 

5.  176  jim 

useful  for  NO 

(Ref.  251) 

7-6,  P(13) 

5.  166  um 

useful  for  NO 

ft  ft 

7-6,  P(15) 

5. 187  ^m 

useful  for  NO 

ft  ft 

9-8,  P(9) 

5.  262  jim 

useful  for  NO 

ft  ft 

Diode  Laser 

4.  755  am 

useful  for  CO 

(Ref.  242) 

4.  746  jim 

useful  for  CO 

ft  tf 

4.  702  jim 

useful  for  CO 

tf  ff 

The  coincidence  of  other  transitions  of  the  available  lasers  to  carbon 
monoxide  and  nitrous  oxide  have  not  been  reported  as  yet.  The  CO  gas 
laser  cannot  be  used  to  observe  CO  in  the  atmosphere  since  the  lowest 
observed  vibrational  transition  in  the  laser  is  in  the  5-4  band  [P(18)  and  up], 
which  is  too  high  an  energy  level  to  be  populated  at  atmospheric  temperatures. 

Laser  Energy 

o 

For  CW  lasers,  the  maximum  permissible  power  is  0.  1 W/cm  . 


7.  3.  2.  3b 
7.  3.  2.  4a 


Detector 


Commercially  available  detectors  with  highest  D*  and  practical 
risetimes  at  operating  temperatures  of  77K  are 

Indium-Antimonide  (D*~10**cm  Hz^/W,  t<  lys) 

Gold-doped  Germanium  (D*~2  x lO^cm  Hz^/W,  t~lus) 

2 

Active  detector  areas  can  range  from  0.  008  to  1 mm  . 


n 


Optics 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below).  For  heterodyne  detection, 
the  constraint  for  the  coherent  aperture  must  be  taken  into  account 
(A0Q0-X2). 


^opt 

Adnd  <*Vo> 


Electronic  Bandpass 


where  tc  is  the  integration  time. 

7.  3. 2. 4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a detector -noise -limited  system.  The  signal -to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration 
is  given  by 
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SNR 


In  Q 


dP 


JiUv 


'X  2 


r + (i/p'y 


where 


In  Q 

P 

P' 

G 

r(R) 

r(R) 

dP 

F 


m-^r- 

9 -2k,C  R 
(G/R>  1 

9 -2k9C  R 
(G/R^)e  1 


rjPtAor(R) 

l/(lf  0^)  for  retrorefiector 

P '/*  for  topographical  reflector 
(independent  of  R if  reflecting 
surface  fills  fov) 


/A  vl/2 

NEP/F  = (AdAf)1/2(D*)_1/F  = Up)  (D*f  */F 


r?QX3/2n(j(/^B  he  D* 


The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


QP 


eff 


ST  NEP/F 


where 

Q = 2L(k1-k2)iC.R 


G4(R) 

_-2  -2kCR 

it  6 


In  the  following  a stepwise  description  for  the  calculation  of 

SNR  is  given 

Step  1:  Calculate:  NEP/F 

Assume:  D*  = lO^cm  Hz^^W-1 

F = 10  for  heterodyne  detection 
F = 1 for  direct  detection 

Result:  Plot  in  Figure  7.  2.  2-1  shows  NEP/F  (over  an  adequate 

range  to  cover  both  F=1  and  F=100)  versus  Ad  for  diffe- 
rent integration  times 

Step  2:  Calculate:  G = rjPtAQr(R) 

Assume:  Pt  = 1 W for  a laser  having  a 10  cm^  beam  area 
Result:  Plot  in  Figure  7.  3. 2-2  shows  G versus  receiver 
aperture  area  Aq  for  five  values  of  overall 
efficiency  (optical  and  mechanical  shutters)  and  r(R) 

Step  3:  Calculate:  €(R)  = R-2e-2kCR 

Assume:  kC  = 0,  . 3,  1,  3 km"1 
Result:  Plot  in  Figure  7.  3. 2 -3 shows  $(R)  versus  R 
for  the  above  values  of  kC 


Step  4:  Calculate:  = G 5(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 
Result:  Plot  in  Figure  7.  3. 2 -4  which  shows  Pg^  vs. 
?(R)  for  different  values  of  G. 


I 
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10 


■13 


Figure  7.  3.  2-1. 


AQ(cm  ) 

Figure  7.  3. 2-2.  Function  G versus  A for  Five  Values  of 

r?T using  = 1 W for  10  ciri  Laser  Beam  Area. 


r 


Step  5: 


Step  6: 


7.  3.  2.  4h 


Calculate:  Q for  (a)  NO,  and  (b)  CO. 

Assume:  AR  = 0.  015  km 

(a)  E k1(5.  262um)C  = k1(NO)C(NO  + k^HgOC^O) 

E k2(5.  176ym)C  = k2(NO)C(NO)  + k2(H20)C(H20) 

k^(NO)  = 1.  04  ppm^km"1 
k1(H20)C(H20)  = 2.  02  km"1  for  10  torr 
tyNO)  = 0.275  ppm'1km'1 
k2(H20)C(H20)  = 2.  01  km'1  for  10  torr 

(b)  Absorption  coefficients  of  CO  for  specific  laser 

lines  have  not  been  determined  yet.  However, 

calibration  of  a given  instrument  and  a specific 

data  reduction  procedure  in  terms  of  CO  concen- 

(242) 

tration  versus  pen  deflection  has  been  madev  , 
as  discussed  in  Section  7.  3.  2.  6. 

Result:  Plot  in  Figure  7.  3.  2-7  shows  Q for  nitrous 

oxide  versus  range  for  different  concentrations. 

Calculate:  System  Performance  for  SNR  = 1,  i.  e. , 

/ t,  \ JJ  NEP/F 

1 eff J . Q 

min 

i)  Determine  NEP/F  (Step  1) 

ii)  Calculate  Q for  desired  concentration  (Step  5, 
Figure  7.  3.  2-7) 

iii)  Locate  intersection  between  NEP/F  and  Q in 

Figure  7.  3.  2-8  and  determine  (Pff) 

en  min 

iv)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7.  3.  2-4. 

v)  Determine  £(R)  from  Figure  7.  3.  2-5  for  given 
range  and  kC  and  establish  Pg^  for  given  G and  £ 
from  Figure  7.  3.  2-6. 

vi)  If  (P  ff)  > (P  ff)  experiment  is  feasible. 

en  en  min 
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7.  3.  2.  4i 


1 ppm 


. 1 ppm 


. 01  ppm 


l 


Figure  7.  3.  2-5.  Q versus  Range  for  Different  Concentrations 
of  NO 
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7.  3.  2.  5 
7.  3.  2.  6a 


7.  3.  2.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7. 1. 1.  For  NOx  and  CO,  the  special  re- 
quirements were  described  in  Section  7.  2.  2.  5. 


7.  3.  2.  6 Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good  approxi- 
mation by 


In  Q 

C(ppm)  = 

2(krk2) 


where 


Q = 


P(R) 

p^TrI 


The  two  signals  are  determined  from  analog  signals.  The  absorption 
coefficients  k^  and  k2  are  as  follows: 


NO 

k-(ppmkm)”1 

1.04 

1 

@ 5.  262um 

k0(ppmkm)_1 

0.275 

L 



@ 5.  176um 

Since  turbulence  can  introduce  large  variations  in  the  received  signals, 
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the  derivative/ratio  signal  method  has  been  developed  ’ 
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7.  3.  2.  6b 


Mathematically,  this  method  is  expressed  as 


1 d Pr  = 6 Pr  6k(0J) 

P dw  5 k(to)  — 5co 


2 k i (to  - w ) c 
o o 

“2T  ~ >2  ,2,2 

y [1  + (to-too)  /y  ] 


where  kQ  is  the  absorption  coefficient  at  the  line  center,  l is  the  dis- 
tance, to  is  the  laser  frequency,  toQ  is  the  frequency  at  the  line  center, 
c is  the  pollutant  concentration,  and  y is  the  half-width  at  half-height. 
For  a given  laser  frequency  the  signal  is  directly  proportional  to  the 
pollutant  concentration.  For  maximum  sensitivity,  the  ratioed  signal 
should  be  evaluated  at  a laser  frequency  where  the  slope  of  the  absorption 
line  is  greatest.  The  only  exception  is  when  the  pollutant  concentration 
is  so  high  that  most  of  the  laser  power  is  absorbed.  In  such  instances 
a weaker  line  should  be  selected. 


The  signal  T (d  Pr/duj)/Prl  as  a function  of  CO  concentration 

is  obtained  from  laboratory  and/or  field  calibration  for  a given  in- 

(242) 

strument  in  terms  of  pen  deflection  . The  calibration  is  made 
by  using  a gas  cell  with  a known  amount  of  pollutant  gas.  This  was 
done  during  the  actual  field  test  by  observing  the  signal  change  after 
inserting  the  gas  cell. 


L 


7.  3.3 
7.  3.  3.  3a 


7.  3.  3 SWIR  Long -Path  with  Laser  Source 

7.  3.  3. 1 Principle  of  Operations 

The  measurement  principle  of  short  wavelength  infrared  (SWIR)  _ 

long -path  transmission  is  used  to  obtain  line -averaged  concentrations 

in  the  2.  5-4  fim  region  (NO  , S00)  and  hydrocarbons.  Laser  beams 

? * 

at  two  different  wavelengths  are  emitted  and  the  transmitted  signals 
are  recorded.  By  differencing  the  wavelength -dependent  signals,  the 
average  absorption  of  the  pollutants  can  be  determined.  The  concen- 
tration of  the  pollutant  is  proportional  to  the  logarithm  of  the  mono- 
chromatic transmission.  The  proportionality  factor  is  the  monochro- 
matic absorption  coefficient  which  must  be  known. 

7.  3.  3.  2 System  Description 

The  system  consists  of  one  or  two  lasers  as  transmitter,  collect- 
ing optics  which  man  be  common  to  the  transmitter  and  receiver,  a 
detector,  electronics  and  data  display.  A block  diagram  indicating  the 
essential  elements  of  a typical  system  using  direct  direction  (dd)  is 
basically  the  same  as  was  shown  for  the  LWIR  system  in  Figure  7.  3.  3-1. 
Heterodyne  detection  (hd)  is  not  useful  for  SWIR.  It  should  be  noted  that 
no  prototype  SWIR -Long -path  system,  using  two  lasers  has  been  tested 
as  yet.  The  maximum  permissable  energy  (MPE)  for  laser  systems  has 
been  promulgated  by  DHEW  in  21CFR1040.  If  the  regulations  of  the  American 
National  Standards  Institute  (ANSI)  are  adopted,  the  MPE  may  be  increased 
by  a factor  50. 


7.  3.  3.  3 System  Parameters 
Commercially  Available  Lasers 


HF  Gas  Laser 
DF  Gas  Laser 
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Other  lasers  that  have  transitions  in  the  SWIR  region,  but  are  not  com- 
mercially available  at  present,  include  Kr,  Ne,  Ar,  I,  Xe,  Br,  Og,  Cl, 
Cs,  N2,  C,  HC1  and  HBr  (Refs.  256  and  257).  Both  CW  and  pulsed 
lasers  may  be  used. 

Operational  Wavelengths 

Have  not  been  determined  yet. 

Laser  Energy 

2 

For  CW  lasers,  the  maximum  permissible  power  is  0. 1 W/cm  . 
Detector 

Commercially  available  detectors  with  highest  D*  and  practical 
risetimes  at  operating  temperatures  of  200  K are 

Lead -Sulfide  *D*~ 3 x 1011cm  Hz^/W,  t~3 00  txsec ) 

2 

Active  areas  can  range  from  0.  0001  to  several  mm  . 


Optics 


Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below). 


a 


"opt 

Adnd  <-Ao°o> 


Electronic  Bandpass 


where  tc  is  the  integration  time,  which  may  be  increased  to  optimize 
the  SNR. 
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7.  3.  3.  4a 


7.  3.  3. 4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a detector -noise -limited  system.  The  signal-to 
noise  ratio  for  the  determination  of  the  pollutant  concentration  is 
given  by 


SNR  = 


In  Q1 

dp  7d/p  )2  + (i/p /)2 


where 

In  Q* 

P 

P' 


In 


(G/R  ;e 
(G/R2)e 


-2k1C  R 
-2k2C  R 


G 

r(R) 

r(R) 

dP 

F 


T]PtAor(R) 

l/(w  0Q)  for  retroreflector 

p'/w  for  topographical  reflector 
(independent  of  R if  reflecting 
surface  fills  fov) 


NEP/F  = (A.(jAf)1/2(D*)"1/F 
T>QX3/20d^/X^  he  D* 


■&r< 


(D*)"VF 


The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


Q P 


eff 


J2  NEP/F 
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2 E(krk2).C.R 

G£(R) 

R^kCR 

In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 

Step  1:  Calculate:  NEP/F 

Assume:  D*  = 3 x 1011cm  Hz^W”1 
F = 1 

Result:  Plot  in  Figure  7.  3.  3-1  shows  NEP  versus  A, 

d 

for  different  integration  times. 

Calculate:  G = r?P  A T(r) 

* o o 

Assume:  Pfc  = 1 W for  a laser  having  a 10  cm  beam  area. 
Result:  Plot  in  Figure  7.  3.  3-2  shows  G versus  receiver 
aperture  area  Aq  for  five  values  of  overall 
efficiency  (optical  and  mechanical  shutters)  and 
T(R). 

Calculate:  £(R)  = R‘2e"2kCR 
Assume:  kC  = 0,  . 3,  1,  3 km"1 
Result:  Plot  in  Figure  7.3.  3-3  shows  $(R)  versus  R 
for  the  above  values  of  kC 

Step  4:  Calculate:  p f = G €(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 

Result:  Plot  in  Figure  7.  3.  3-4  which  shows  P „ vs. 

eff 

£(R)  for  different  values  of  G. 


Step  2: 


Step  3: 


where 

Q 

Peff 

$(R) 
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2 


10" 


Figure  7.  3.  3 


£(R)  (cm  ) 

4.  versus  the  Function  t (R)  for 

Different  Values  of  G 


7.3.  3.  4 g 
7.  3.  3.  5a 


Step  5:  Calculate:  Q for  (a)  NO  * an(*  (b)  SO^  and  (c)  hydrocarbons 

Assume:  Absorption  coefficients  of  NO  , SOg  and  hydro- 
carbons for  specific  laser  lines  have  not  been  determined  yet. 
Actual  calculation  cannot  be  performed  until  data  is  available. 
Result:  Q versus  C to  be  plotted  in  Figure  7.  3.  3.-5  when 

data  is  available. 


Step  6:  Calculate:  System  Performance  for  SNR  = 1,  i.  e. , 

NEP/F 

Q 


<Peff> 


min 


i)  Determine  NEP/F  (Step  1) 

ii)  Calculate  Q for  desired  concentration  (Step  5, 

Figure  7. 3. 3. -5) 

iii)  Locate  intersection  between  NEP/F  and  Q in 

Figure  7.  3.  3-6  and  determine  (Ppff)  . . 

ei1  min 

iv)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7.  3.  3-4. 

v)  Determine  £(R)  from  Figure  7.  3.  3-3  for  given 
range  and  kC  and  establish  Pg^  for  given  G and 
i from  Figure  7.  3.  3-4. 

vi)  If  (P  > (P  .,)  , experiment  is  feasible. 

en  eii  min 

7.  3.  3.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 

were  described  in  Section  7.  1.  1.  For  SO„,  THC  and  NO  the  special 

« x 

requirements  were  listed  in  Section  7.  2.  3.  5. 
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Figure  7. 


7.3.3.6a 


7.  3.  3.  6 Data  Analysis  Procedures 

The  concentration  (in  ppm)  is  determined  in  a very  good 
approximation  by: 


C(ppm)  = 


In  Q 

2 (krk2)  fc 


where 


Q 


P (R) 

p’TrT 


The  two  signals  are  determined  from  analog  signals.  Because  operational 


wavelengths  are  not  yet  known,  the  absorption  coefficients  and  k2  have 


not  yet  been  determined.  Since  turbulence  can  introduce  large  variations 
in  the  received  signals,  the  derivative/ratio  signal  method  has  been 
developed  <242-243>. 


Mathematically,  this  method  is  expressed  as 


1 

P 


d ? 


r - 


6 P 


dw 


r 6k(w) 
5 k(w) 


2 kQf  (w  - wq)  c 


<5  to 


7i  i + (uj-w/aY 


where  kQ  is  the  absorption  coefficient  at  the  line  center,  4 is  the  dis- 
tance, w is  the  laser  frequency,  is  the  frequency  at  the  line  center, 
c is  the  pollutant  concentration,  and  y is  the  half -width  at  half -height. 
For  a given  laser  frequency  the  signal  is  directly  proportional  to  the 
pollutant  concentration.  For  maximum  sensitivity,  the  ratioed  signal 
should  be  evaluated  at  a laser  frequency  where  the  slope  of  the  absorption 
line  is  greatest.  The  only  exception  is  when  the  pollutant  concentration 
is  so  high  that  most  of  the  laser  power  is  absorbed.  In  such  instances 
a weaker  line  should  be  selected. 
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The  signal  [(d  Pr/doj)/Pr]  as  a function  of  pollutant  concentration 
can  be  obtained  from  laboratory  and/or  field  calibration.  The  calibration 
is  made  by  using  a gas  cell  with  a known  amount  of  pollutant  gas.  This 
can  be  done  during  the  actual  field  test  by  observing  the  signal  change 
after  inserting  the  gas  cell. 
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7.  3.  4 
7.  3.  4.  3a 

7.  3.  4 UV/Visible  Long -Path  with  Laser  Source 
7.  3.  4.  1 Principle  of  Operation 

The  measurement  principle  of  ultraviolet/visible  (UV/Visible) 
long -path  transmission  is  used  to  obtain  line-averaged  concentrations 
of  SOg  and  NOg.  Laser  beams  at  two  different  wavelengths  in  the  2000- 
5000  k region  are  emitted  and  the  transmitted  signals  are  recorded. 

By  differencing  the  wavelength-dependent  signals,  the  average  absorption 
of  the  pollutants  can  be  determined.  The  concentration  of  the  pollutant 
is  proportional  to  the  logarithm  of  the  monochromatic  transmission. 

The  proportionality  factor  is  the  monochromatic  absorption  coefficient 
which  must  be  known. 

7.  3.  4.  2 System  Description 

The  system  consists  of  one  or  two  lasers  as  transmitter, 
collecting  optics  which  may  be  common  to  the  transmitter  and  receiver, 
a detector,  electronics  and  data  display.  A block  diagram  indicating 
the  essential  elements  of  a typical  UV/visible  long -path  system  is  basically 
the  same  as  was  shown  for  the  LWIR  system  in  Figure  7.  3. 1-1,  except  that 
the  IR  detector  is  replaced  by  a photomultiplier  or  digicon  tube.  It  should 
be  noted  that  no  prototype  UV/visible  long -path  system  using  lasers  has 
been  tested  as  yet.  The  maximum  permissible  energy  (MPE)  for  laser 
systems  has  been  promulgated  by  DHEW  in  21CFR1040. 

7.  3.  4.  3 System  Parameters 
Commercially  Available  Lasers 
Ng  Gas  Laser 
Xe  Gas  Laser 

Neodymium  Yag  Solid  State  Laser 
RDA  Ruby 
Dye  Lasers 


7.  3.  4.  3b 


Other  lasers  that  have  transitions  in  the  UV/visible  region,  but  are 
not  commercially  available  at  present,  include  Ar,  Cl,  S,  Kr,  Ne,  F, 

On,  P,  B,  Pb,  Si,  Se,  In,  and  I.  (Refs.  265  and  257).  Both  CW  and 
pulsed  lasers  may  be  used. 

Operational  Wavelengths 
Have  not  been  determined  yet. 

Laser  Energy 

For  2500  < X < 4000  1,  the  maximum  permissible  laser  energy  is 

10~2W/cm2  and  for  the  visible  spectrum,  4000  < X < 7000  l , the  laser 

-6  2 

energy  is  limited  to  10  W/ cm  . 

Detector 

Commercially  available  detectors  are  photomultipliers  or  digicons 
having  response  curves  S-13  or  S-19.  These  tubes  are  very  sensitive 
and  have  low  noise  figures.  In  general,  the  UV/visible  receivers  become 
shot  and/or  background  noise  limited. 

Optics 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill 
the  operational  requirements  (see  below) 
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7.  3.  4.  4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance 
can  be  predicted  for  a shot -noise -limited  system.  The  signal-to- 
noise  ratio  for  the  determination  of  the  pollutant  concentration  is 
given  by 


SNR  = 


dP 


In  Q * 

- (1/P')2 


where 

In  Q* 

P1 

P' 

G 

r(R) 

r(R) 

dp 


9 -2k. C R 
(G/R> 

0 -2k9C  R 
(G/R  ;e  2 

77PtAor(R) 

l/(ff  O ) for  retroreflector 

o' /V  for  topographical  reflector 
(independent  of  R if  reflecting 
surface  fills  fov) 

(peff  hi//rjt)1/2 


The  SNR  may  be  simplified,  i.  e. , 


SNR 


Q . V. 

Yi T 1 Yiv 


1/2 


Peff> 
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where 

Q 


2 S(krk2).  C.  R 

G4(R) 

R-2e-2kCR 


In  the  following  a stepwise  description  for  the  calculation  of 
SNR  is  given 


Step  1:  Calculate:  G = r?I^  Aq  T(r) 

Assume:  P.  = 10_2W  for  3000-4000  l and  10"5W  for 
t 2 

4000-7000  using  10  cm  laser  beam  area. 

Result:  Plot  in  Figure  7.  3.  4-la  and  lb  shows  G versus 
receiver  aperture  area  Aq  for  five  values  of 
overall  efficiency  (optical  and  mechanical  shutters) 
and  T(r). 


o 

Step  2:  Calculate:  ?(R)  = R e 

Assume:  kC  = 0,  . 3,  1,  3 km  1 
Result:  Plot  in  Figure  7.  3.  4-2  shows  £(R)  versus 
R for  the  above  values  of  kC. 

Step  3:  Calculate:  Peff  = G £(R) 

Assume:  Useful  range  of  R between  100  and  1000  m 
5(R)  for  different  values  of  G. 

Result:  Plot  in  Figure  7.  3.  4-3  shows  Pef{  versus  4(R) 
for  various  values  of  G. 

Step  4:  Calculate:  Q for  (a)  SOg  and  (b)  N02 

Absorption  coefficients  of  S02  and  NOg  for  specific  laser 
lines  have  not  been  determined  yet.  Actual  calculation  cannot 
be  performed  until  data  is  available. 

Result:  Q versus  C to  be  plotted  in  Figure  7.  3.  4-4  when 
available. 
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Figure  7. 3. 4. -2.  Function  £ (R)  vs.  Range  for 

Different  Values  of  KC  (KM“1) 
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7.  3.  4.  4g 
7.  3.  4.  6a 


Step  5:  Calculate:  System  Performance  for  SNR  = 1,  i.  e. , 

— — hy  2 

Peff  T7t  "q2 

i)  Calculate  Q for  desired  concentration  (Step  4, 

Figure  7.  3.  4-4. 

ii)  Locate  intersection  between  X and  Q in 
Figure  7.  3.  4-5  and  determine  Peff  assuming 
t = 1 sec. 

iii)  For  a given  receiver  optics  area  and  overall 
efficiency,  determine  G from  Figure  7.  3.  4- la 
or  -lb, 

iv)  Determine  £(R)  from  Figure  7.  3.  4-2  for  given 
range  and  kC  and  establish  Pef£  for  given  G and 
4 from  Figure  7.  3.  4-3. 

v)  If  (Peff)  > (peff)  > experiment  is  feasible. 

min 

7.  3.  4.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors 
were  described  in  Section  7.  1.  1.  The  special  ones  for  SOg  and  NOg 
were  given  in  Sections  7.  2.  3.  5 and  7.  2.  2.  5,  respectively. 

7.  3.  4.  6 Data  Analysis  Procedure 

The  concentration  (in  ppm)  is  determined  in  a very  good  approxi- 
mation by 

c(PPro)  * 2(k1"-^TB 


7-138 


a*HB89'  I ■ II  ■ n ' I !■  1 1 

|jljjBSZ5S25gS 


Figure  7. 3.  4-4.  Q versus  Concentration  of  SC^  and  NOg 
for  a Resolution  Element  of  lo  m. 


See  Step  4,  Data  required  for  this  gr^>h  is 
not  yet  determined. 


7.  3.  4.  6d 


where 


Q = 


P(R) 

w 


The  two  signals  are  determined  from  analog  signals.  The  absorption 

coefficients  k,  and  k have  not  been  determined  yet,  because  the  exact 
12 

operational  wavelengths  are  not  yet  established. 
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7.  3.  5 IR  Long-Path  with  Broadband  Source  and  Dispersive  Receiver 

7.  3.  5. 1 Principle  of  Operation 

The  measurement  principle  of  the  infrared  long -path  transmission 
is  used  to  obtain  line  averaged  concentrations  of  all  gaseous  pollutants 
of  interest  to  NAAQS.  A beam  from  a broadband  source  is  emitted  and 
the  received  signals  are  recorded  by  the  tunable  receiver  as  a function 
of  wavelength.  By  differencing  the  signals  on  and  off  the  pollutant  lines, 
the  average  absorption  of  the  pollutants  over  the  line-of-sight  can  be  deter- 
mined. The  concentration  of  the  pollutant  is  proportional  to  the  logarithm  of 
the  transmission.  The  proportionality  factor  is  the  absorption  coefficient 
which  must  be  know. 

7.  3.  5.  2 System  Description 

The  system  consists  of  a broadband  source,  such  as  a blackbody,  col- 
lecting optics  and  receiver  consisting  of  a tunable  spectrometer,  electronics 
and  data  display.  A block  diagram  indicating  the  essential  elements  of  a 
typical  system  is  shown  in  Figure  7.  3.  5-1.  Two  different  kinds  of  spectro- 
photometers are  shown  in  Figure  7.  3.  5-2. 


14 


21 


Figure  7.  3.  5-1.  Schematic  of  a Long -Path  Monitor,  Using  a Blackbody 

as  Illuminator  Adopted  from  Ref.  165.  The  Components  are: 


1. 

Blackbody 

13a. 

Temperature  Controller 

2. 

Temperature  Controller 

14. 

Telescope 

3. 

Continuous  Temperature 

15. 

InAs  Detector 

Readout 

16. 

Preamplifier 

4. 

Chopper 

17. 

Amplifying  System 

5. 

Source  Optics 

17a. 

Preamplifier 

6. 

Power  Generator 

18. 

Wavelength  Drive 

7. 

Boresight  Microscope 

19. 

DVM-Digital  Readout 

8. 

Receiver  Optics 

20. 

Strip  Chart  Recorder 

9. 

Spectrometer 

21. 

Chopper 

10. 

Ge.Hg  Detector 

22. 

Power  Supply  (not  shown) 

11. 

Mechanical  Cooler 

23. 

Magnetic  Tape 

12. 

2 Position  Mirror 

24. 

Precision  Aperture 

13. 

Calibration  Blackbody 

25. 

Gas  Cell 
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Polychromator 


Figure  7.  3.  5-2.  Two  Different  Kinds  of  Tunable  Receivers 
Using  a Dispersive  Element  (Grating). 
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7.  3.  5.  3 System  Parameters 

Commercially  available  broadband  source 

Blackbody  (~  1200  K)  uncooled 

(~  1500  K)  forced  air  cooled 
(~  1800  K)  water-cooled 
Nernst  glower 

Commercially  available  tunable  receivers 

Monochromator  (single  and  double  pass) 
Polychromator 

Operational  wavelength  regions 

CO  4.  5 - 4.  8 ym 

Hydrocarbons  3.  0 - 4.  0 ym 

9.  5 - 12.  0 ym 
NO  5.  1 - 5.  5 ym 

NOg  3.  3 - 3.  6 ym 

SOg  3.  95  - 4.  05  ym 

8.  4 - 9.  0 ym 
Og  9.  4 - 9.  8 ym 

Detector 

Commercially  available  detectors  in  the  infrared  are  shown  in 
the  following  graphs  (Figures  7.  3.  5 -3a  and  -3b): 
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Optics 

Collecting  Aperture  Aq 

Solid  Angle 

Optical  Efficiency  rj  ^ 

Detector  Optics  ^d^d^^o^o^ 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill  the 
operational  requirements  (shown  in  the  following). 


7.  3.  5.  3c 
7.  3.  5.  4a 


Electronic  Bandpass 
1 


Af  = 


4tc 


where  to  is  the  integration  time  per  spectral  resolution  element. 

7.  3.  5.  4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance  can 
be  predicted  for  a detector -noise -limited  system.  Two  cases  may  be 
distinguished.  One  in  which  the  resolving  power  of  the  instrument  is 
sufficient  to  observe  single  lines,  the  other  in  which  single  lines  cannot 
be  resolved.  The  latter  case  is  treated  here>  as  it  is  more  likely  to  be 
encountered.  The  signal -to-noise  ratio  for  the  determination  of  the  pol- 
lutantsconcentration  is  given  by 


SNR  = 


tn  Q' 


where 


(nQ 

P 

P' 

G 

w/d 

dP 


dP^l/P)2  + (1/P'F 


Jtn  P/P’ 

2 -(w/d) 
G/R  e AX 

9 -(w/d)9 
G/R  e AX 


V A2  N°  G,  T) 


kCR(l+kCR/4a) 


-1/2 


1/2 


NEP  = (Ad/4tc)  /D* 


For  these  expressions,  w/d  is  the  line  width  to  line  spacing  ratio. 
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The  SNR  may  be  simplified,  i.  e. , 


SNR  = 


/2  NEP 


where 


(w/d)2  - (w/d)j 
G £(R)AX 


R"2e 


-(w7d) 


In  the  following  a stepwise  description  for  the  calculation  of  SNR 


is  given 


Step  1: 


Calculate:  NEP 


Assume:  D*  = 3 x 10 ^cm  Hz^2W”*  (representative  for 

MWIR  to  LWIR) 

D*  = 3 x lO^cm  Hz^W-1  (representative  for 

SWIR) 

Result:  Plot  in  Figure  7.  3.  5-4  shows  NEP  versus 
for  different  integration  times. 


Step  2: 


Calculate:  G 
Assume:  T = 1600  K 
V = . 1 

Result:  Plot  in  Figure  7.  3.  5-5  shows  G versus  X 
for  different  values  of  AQ. 
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k Ol  Oi  -4 


7.  3.  5.  4e 


Step  3: 


Step  4: 


Step  5: 


Calculate:  £(R)  = R"2e'2kCR 
Assume:  kC  = 0,  .3,  1,  3 km"* 

Result:  Plot  in  Figure  7.  3.  5- 6 shows  £(R)  versus  R for  the 
above  values  of  kC  and  two  values  of  a.  (0.  01  and  10). 


Curve  (1):  kC  = 0 

(2)  kC  = .3,  a = .01 

(3)  kC  = 1,  a = .01 

(4)  kC  = 3,  a = .01 

(5)  kC  = . 3,  a = 10 

(6)  kC  = 1,  a = 10 

(7)  kC  = 3,  a = 10 


Calculate:  Pgf{  = G£(R)AX 

Assume:  Useful  ranges  of  R between  100  and  1000  m, 

4 7 2 

and  G between  10  and  10  Wcm  /pm  and  AX 
between  . 001  and  . 1 pm.  Thus,  the  product 
GAX  ranges  from  10*  to  10^  Wcm2. 

Result:  Plot  in  Figure  7.  3.  5-7  shows  Pg^  vs.  £(R)  for 
different  values  of  GAX.  Note  that  the  larger 
values  of  GAX  represent  higher  source  terms 
and  are  thus  more  useful  at  the  longer  ranges, 
i.  e. , smaller  values  of  £(R). 

Calculate:  Q for  CO,  NOx,  SOg,  Og  and  hydrocarbons. 

No  systematic  study  of  W/d  for  the  above 
pollutants  have  been  conducted  yet.  Thus,  no 
systematic  calculations  for  Q can  be  made. 

Another  approach  is  that  as  described  by  Herget^2^, 
whereby  the  signals  obtained  from  the  absorption 
of  the  pollutant  in  an  absorption  cell  is  related  to 
the  signal  obtained  in  the  field  (see  Section  5.  3.  2.  2). 
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In  order  to  carry  out  an  approximate  sensitivity 
calculation,  approximate  values  of  (W/d)  will  be 
given  (see  Ref.  146a,  166,  169,  176  and  267). 

Assume  that  there  are  no  interfering  species  in 
the  reference  channel,  thus  (W/d)2  = 1.  The 
appropriate  values  of  k and  a at  300  K for  the 
pollutants  are  given  in  the  following  table. 


Pollutant 

X 

(4m) 

AX 

(4m) 

k 

(cm  atm)" 

a 

0 

(atm)"* 

CO 

4.  551 

.010 

1.  59 

.02 

so2 

3.  996 

. 008 

. 25 

1.  39 

8.  639 

. 037 

1.  08 

2.  44 

NO 

5.202 

.014 

1.  01 

.08 

no2 

3.422 

. 006 

1.20 

. 93 

°3 

9.  722 

. 060 

9.  15 

.05 

0.  530 

. 050 

7.  90 

. 05 

HCHO 

3.  433 

. 006 

3.  52 

. 55 

C2H4 

10. 563 

. 050 

73.0 

. 03 

PAN 

12.  20 

. 065 

12.  4 

. 5 

C6H6 

3.287 

. Oil 

46.4 

. 08 

Result:  Plots  in  Figure  7.  3.  5-8a  through  8i  show  the  approxi- 
mate values  of  Q versus  R for  the  different  pollu- 
tants at  three  different  levels  of  concentration. 
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7.  3.  5.  4r 


Step  6: 


Calculate:  System  Performance  for  SNR  = 1,  i.  e. , 

■J2  NEP 



i) 

ii) 

iii) 

iv) 

v) 

vi) 

Example: 

i) 

ii) 

iii) 

iv) 
v) 


M 


min 

Determine  NEP  (Step  1) 

Calculate  Q for  desired  concentration 
(Step  5,  Figure  7.  3.  5-7a  through  7i). 

Locate  intersection  between  NEP  and  Q 
in  Figure  7.  3.  5-8  and  determine  (Pg^) 

For  a given  wavelength  and  receiver  min 
and  transmitter  optics  area  determine  G 
from  Figure  7.  3.  5-4. 

Determine  £(R)  from  Figure  7.  3.  5-5  for 
given  range  and  kC  and  establish  Pg^ 
for  given  G and  £ from  Figure  7.  3.  5-6. 

experiment  is  feasible. 


“ (Pe«>  =•  <peff> 


min 


Assume  D*  = 3 x lO1^  cmHzV’1,  A , = 0.  001 

2 d 
cm  , and  t = 100  seconds.  From  Figure 

7.  3.  5-4,  NEP  = 5 x 10'13  watts. 

Assume  R = 1 km  and  C = 0. 1 ppm.  From 

Figure  7.  3.  5-8a  (CO),  Q = 1.  5 x 10”^. 

From  these  values  of  NEP  and  Q,  from  Figure 

7.  3.  5-9  (P  „)  . = 6 x 10"11. 

efr  min  3 2 2 6 

Assume  x.  = 4.  7 /am  and  A = 10°  cm  (A  = 10  ). 

° 4 °2 

From  Figure  7.  3.  5-5,  G = 7.  5 x 10  Wcm  /jim. 

Having  assumed  above  that  R = 1 km  and  C = 0. 1 ppm 

k (CO)  = 1.  59  and  a = 0.  02  (tabulation,  Step  5). 

Therefore,  kC  = 0. 159.  From  Figure  7.  3.  5-6, 

-10  -2 

curve  2,  at  R = 1 km,  4(R)  = 10  cm  . 
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Having  determined  (above)  G = 7.  5 x 104, 

if  AX.  is  assumed  to  be  0.  01  nm  , Gax. 
o 

is  7.  5 x 10  . From  Figure  7.  3.  5-7  for 
Gax.  * 7.  5 x 102  and  4(R)  * 10"10,  P „ is 

—ft  6ll 

7 x 10"  watts. 

vi)  Since  (7  x 10"8  watts)  is  greated  than 
(Pgff)  min  (6  x 10"11  watts),  the  experiment 
is  feasible. 
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for  different  values  of  Q 
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7.  3.  5.  5 
7.  3.  5.  6a 


7.  3.  5.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors  were 
described  in  Section  7. 1.  1,  and  special  requirements  applicable  to  all 
pollutants  were  described  in  Sections  7.  2.  1.  5,  7.  2.  2.  5 and  7.  2.  3.  5. 

7.  3.  5.  6 Data  Analysis  Procedure 

In  general,  an  analog  recording  of  the  scanning  spectrophotometer 
is  obtained  such  as  the  actual  field  data  shown  in  Figure  7.  3.  5-10. 


Figure  7.  3.  5-10.  Analog  recording  over  long -path  through 
polluted  atmosphere  using  a blackbody 
source  as  transmitter. 

The  concentration  is  implicitly  determined  through  the  ratio  of  the 

o 

two  signals  Sj  (the  attenuated  signal  Sj  (the  non-attenuated  signal),  i.  e. , 

(W/d)t  = nSj0/^ 
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7.  3.  5.  6b 


where 

W/d  = k C R (1  + kCR/4a)”1/2 

Since  S^0  cannot  be  measured  directly,  it  must  be  related  to  a spectral 
region  where  there  is  a known  amount  of  absorption  due  to  the  natural 
species  (HgO,  C02,  etc. ).  This  relationship  is  given  by 

N°(X  T)  R(X  ) -(W/dL 
S1  = ~5 — L e 2 S ° 

n°(x2,t)  r(x2) 

where  (W/d)2  must  be  known,  R(X)  is  the  instrument  responsivity  at 
wavelength  X and  N°(X,  T)  is  the  source  radiation  at  wavelength  X and 
temperature  T. 

Another  approach  is  to  relate  the  signal  ratio  Sj/Sj0  as  measured 
over  long -path  in  the  field  to  that  as  measured  in  a calibration  cell  (see 
Figure  7.  3.  5-11 ).  Of  course,  the  value  Sj°  must  still  be  established 
reliably  in  the  field  data. 
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7.  3.  5.  6d 


A third  method  is  one  developed  by  Derr  et  al. , in  which  the 
measurement  of  the  concentration  of  each  gas  from  the  complex 
spectrum  obtained  by  a long -path  infrared  spectrophotometer  requires 
the  fitting  of  trial  spectra  composed  from  a library  of  spectra.  The 
fitting  procedure  adjusts  the  concentrations  of  the  trial  spectra  until 
a "best -fit"  in  a least  squares  sense  is  produced.  A detailed  des- 
cription of  this  procedure  can  be  found  in  Ref.  169. 
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7.  3.  6 
7.  3.  6.  3a 


7.  3.  6 IR  Long -Path  with  Broadband  Source  (bi -static) 

Using  Fourier  Transform  Spectorneter^ Receiver 

7.  3.  6. 1 Principle  of  Operation 

The  infrared  long -path  transmission  technique  is  used  to  obtain 
line  averaged  concentrations  of  all  gaseous  pollutants  of  interest  to  NAAQS. 
A beam  from  a broadband  source  is  emitted  and  the  transmitted  signals  are 
recorded  by  the  Fourier  Transform  Spectrometer  (FTS)  receiver  as  a func- 
tion of  wavelength.  By  differencing  the  signals  on  and  off  the  pollutant  lines, 
the  average  absorption  of  the  pollutants  over  the  line -of -sight  can  be  deter- 
mined. The  concentration  of  the  pollutant  is  proportional  to  the  logarithm  of 
the  transmission.  The  proportionality  factor  is  the  absorption  coefficient 
which  must  be  known. 

7.  3.6.  2 System  Description 

The  system  consists  of  a broad  band  source,  such  as  a blackbody. 
transmitting  optics,  remote  collecting  optics,  the  FTS.  electronics  and 
data  display.  Thus  the  system  is  essentially  the  same  as  that  described 
in  Section  7.  3.  5.  2 except  that  the  dispersive  receiver  is  replaced  with 
the  non-dispersive  FTS.  and  the  chopper  is  not  needed  at  the  source. 

A typical  system  is  shown  schematically  in  Figure  7.  3.6-1.  Details  of 
a typical  FTS  are  given  in  Figure  7.  3.6-2. 

7.  3.6.  3 System  Parameters 

Commercially  available  broad  band  source 

Blackbody  (~  1200  K)  uncooled 

(~  1500  K)  forced  air  cooled 
(~  1800  K)  water  cooled 

Nernst  glower,  an  electrically  heated  cylinder  of 
zirconium  and  yttrium  oxide.  [272,  273], 
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7.  3.  6.  3c 


Figure  7.  3.6-2.  Optical  Lay-Out  of  Fourier  Transform  Spectrometer. 
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7.  3.  6.  3d 

Commercially  available  Fourier  Transform  Spectrometer 

Various  FTS  with  and  without  on-line  processors  are  available 
from  two  or  three  manufacturers.  They  may  cover  any  part  or  all  of 
the  thermal  infrared  region  depending  on  the  choice  of  optical  components, 
e.  g.  windows,  beamsplitter,  and  detector,  in  the  FTS. 

Operational  wavelength  regions 

CO  4.  5 - 4.  8 pm 

Hydrocarbons  3.0  - 4.  0 pm 

9.  5 - 12.  0 pm 
NO  5.  1 - 5.  5 pm 

NO2  3.3  - 3.  6 pm 

SOg  3.  95  - 4.  05  pm 

8.  4 - 9.  0 pm 
Og  9.  4 - 9.  8 pm 

Detector 

Commercially  available  detectors  in  the  infrared  are  shown  in 
the  following  graphs  (Figure  7.  3.  6-3a  and  -3b). 


Figure  7.  3.  6-3a 


Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 


A Si  .(=A  ft  ) 
d dv  o o' 


It  should  be  noted  that,  for  the  FTS,  is  related  to  the  spectral  reso- 
lution Av , by 

(ft  ) = 2n 

o max  v 

max 

These  optical  parameters  are  variables  that  must  be  chosen  to  fulfill  the 
operational  requirements  (shown  in  the  following). 


7.  3.  6.  3f 
7.  3.  6.  4a 


Electronic  Bandpass 

The  bandpass  must  be  consistent  with  passing  maximum  and 
minimum  output  frequencies  of  the  detector: 

f = v y 

max  max 

f = v v 

min  mm 


where  v is  the  velocity  of  the  moving  mirror;  i.  e. , 


Af  = v(y 


max 


v . ) 
min 


= vAyn 


where  n = number  of  resolution  elements  and  Ay  = spectral  resolution. 
Since  v = 6/t  where  6 = mirror  displacement  and  t = time  for  one  scan, 
and  Ay  = 1/6,  we  have  Af  = n/t. 


7.  3.6.  4 Theoretical  Performance  Prediction 

Based  upon  the  selected  system  parameters,  the  performance  can 
be  predicted  for  a detector-noise-limited  system.  The  procedure  follows 
exactly  that  given  for  the  IR  long  path  system  with  a dispersive  receiver 
described  in  Section  7.  2.  6.  4. 

There  are  two  main  advantages^^for  the  FTS  system  compared  to 
the  dispersive  system,  assuming  that  the  transmitting  and  collecting 
optics  are  optimally  designed  for  each  system.  The  first  is  Fellgett's 
advantage: 

The  signals  from  all  spectral  elements  are  recorded  in  parallel 
rather  than  sequentially  as  in  the  dispersive  system.  Thus 
for  n resolution  elements  the  FTS  records  the  spectrum  n 
times  faster  than  the  dispersive  spectrometer,  or  if  each 
system  takes  the  same  time  the  SNR  of  the  FTS  is  nz  times 
greater. 
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7.  3.  6.  4b 


The  second  is  Jacquinot's  advantage: 

The  FTS  has  a larger  etendue  (throughput).  The  ratio  of 
throughputs  for  the  FTS  and  the  grating  spectrometer  (GS) 
is  given  approximately  by 

Aft(FTS)  0_  F 
AO(GS)  L 

where  F is  the  focal  length  of  the  collimator  and  L is 
the  slit  height.  This  ratio  is  typically  100  to  200. 

The  signal -to-noise  ratio  for  the  determination  of  the  pollutant 
concentration  is  given  by 


SNR  = 


jtnQl 


dPv(l/P)2  + (1/P')2 


where 

-tnQ'  = -CnP/P' 

P 

P' 

G 

w/d  = kCR(l  + kCR/4a) 
dP 

The  SNR  may  be  simplified,  i.  e. , 


„ -(w/d). 
G/R  e 1A\ 

9 -(w/d)9 
G/R  e 

T7AtArN°(X.  T) 


1/2 


NEP  = (A  /4t)1/,2/D* 


SNR  = 


QP 


eff 


v^NEP 
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k 


where 


Q 

P 


eff 


= (w/d)2  - (w/d) 
= G£(R)AA 


_2  -(w/d) 

4(R)  = R e 


In  the  following  a stepwise  description  for  the  calculation  of  SNR 
is  given: 


Step  1: 


Step  2: 


Step  3: 


Calculate:  NEP 


Assume:  D*  = 3 x lO^cm  Hz^W  * (representative  for 


MWIR  to  LWIR) 


D*  = 3 x lO^cm  Hz*^W~*  (representative  for 


SWIR) 


Result:  Plot  in  Figure  7.  3.6-4  shows  NEP  versus  A , 
for  different  Af.  (Af  = 1/4  tc) 


Calculate:  G 
Assume:  T = 1600  K 
77  = . 1 


Result:  Plot  in  Figure  7.  3.6-5  shows  2G  versus  X for 
different  typical  values  of  A0 


Calculate:  $(R)  = R"V(w^d) 


Assume:  kC  = 0.  .3,  1,  3 km 


■1 


Result:  Plot  in  Figure  7. 3.  6-6  shows  £(R)  versus  R 
for  the  above  values  of  kC  and  six  values  of  a. 


Curve  (1) 
(2) 

(3) 

(4) 

(5) 

(6) 
(7) 


kC  = 0 

kC  = .3.  a = .01 
kC  = 1,  a = . 01 
kC  = 3.  a = .01 
kC  = .3.  a = 10 
kC  = 1.  a = 10 
kC  = 3.  a = 10 
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7.  3.  6.  4d 


s A for  Different  Electronic 
Assuming  D*  = 3_x  101® 


- JJPing  - 
J 3 x 10ucmHz#W\ 


cm 


9 


7.  3.  6.  4f 


Figure 

Figure  7.  2.  6-6.  £(R)  versus  R for  Different  Values  of 
kC  and  a:  Curve  (1)  kc  = 0; 


Curve  (2)  kC  = . 3,  a = . 01 

(3)  kC  = 1,  a = . 01 

(4)  kC  = 3,  a = . 01 

(5)  kC  = . 3,  a = 10 

(6)  kC  = 1,  a = 10 

7-18]  (7)  kC  = 3,  a = 10 


C£>  LO  tT 


7.  3.  6.  4g 


Step  4:  Calculate:  P ^ = G£(R)A\ 

Assume:  Useful  ranges  of  R between  100  and  1000  m, 
and  G between  10^  and  10^  WcmV^zm  and  AA 
between  . 001  and  . 1 um.  Thus,  the  product 
GAA  ranges  from  lO*  to  10^  Wcm^. 

Result:  Plot  in  Figure  7.  3.6-7  shows  Peff  versus  £(R) 

for  different  values  of  GAA.  Note  that  the 
larger  values  of  GAA.  represent  higher  source 
terms  and  are  thus  more  useful  at  the  longer 
ranges,  i.  e. , smaller  values  of  £(R). 

Step  5:  Calculate:  Q for  CO,  NOx.  SO2.  O3  and  hydrocarbons. 

No  systematic  study  of  W/d  for  the  above 
pollutants  have  been  conducted  yet.  Thus,  no 
systematic  calculations  for  Q can  be  made.  (246i 
Another  approach  is  that  as  described  by  Herger 
whereby  the  signals  obtained  from  the  absorption 
of  the  pollutant  in  an  absorption  cell  is  related  to 
the  signal  obtained  in  the  field  (see  Section  5.  3.  2.  2). 


In  order  to  carry  out  an  approximate  sensitivity 
calculation,  approximate  values  of  (W/d)  are 
given  (see  Ref.  146a,  166,  169,  176  and  267). 

Assume  that  there  are  no  interfering  species  in 
reference  channel,  thus  (W/d)2  = 1.  The 
appropriate  values  of  k and  a at  300  K for  the 
pollutants  are  given  in  Table  7.  3.6-1. 

Result:  Plots  in  Figure  7.  3.6-8a  through  7.  3-6 -8  i show 

the  approximate  values  of  Q versus  R for  the 
different  pollutants  at  three  different  levels  of 
concentration. 
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7.  3.  6.4i 


Table  7.  3.  6-1.  The  Appropriate  Values  for  k and  a 
at  300  K for  Pollutants. 


Pollutant 

X 

(pm) 

AX 

(pm) 

k 

(cm  atm) 

2^ 

(atm)"1 

CO 

4.  551 

.010 

1.  59 

. 02 

so2 

3.  996 

.008 

. 25 

1.  39 

8.  639 

. 037 

1.  08 

2.44 

NO 

5.202 

. 014 

1.  01 

. 08 

no2 

3.422 

. 006 

1.20 

. 93 

°3 

9.  722 

. 060 

9.  15 

. 05 

0.  530 

. 050 

7.  90 

.05 

HCHO 

3.  433 

. 006 

3.  52 

. 55 

C2H4 

10.  563 

. 050 

73.0 

.03 

PAN 

12.20 

.065 

12.4 

. 5 

C6H6 

3.287 

.011 

46.4 

.08 

Step  6: 


Calculate:  System  Performance  for  SNR  = 1,  i.  e. . 


J2  NEP 

Q 


i.  Determine  NEP  (Step  1) 

ii.  Calculate  Q for  desired  concentration 

(Step  5.  Figures  7.  3.  6-8a  through  7.  3.  6-8 i). 

iii.  Locate  intersection  between  NEP  and  Q 

in  Figure  7.3.6-10  and  determine  (Peff)min. 

iv.  For  a given  wavelength  and  receiver  and 
transmitter  optics  area,  determine  G 
from  Figure  7.  3.6-5. 

v.  Determine  £(R)  from  Figure  7.  3.  6-6  for 
given  range  and  kC  and  establish  Peff 
for  given  G and  £ from  Figure  7.  3.  6-7. 

vi.  If  (P  ff)  > (P  ff)  experiment  is  feasible, 

en  eit  mu, 
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7.  3.  6.  5 
7.  3.6.  6a 


7.  3.  6.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors  were 
described  in  Section  7. 1. 1,  and  special  requirements  applicable  to  all 
pollutants  were  described  in  Sections  7.  2.  1.  5,  7.  2.  2.  5 and  7.  2.  3.  5. 

7.  3.  6.  6 Data  Analysis  Procedure 

In  general,  an  analog  recording  of  the  Fourier  Transform  Spectro- 
meter is  obtained  such  as  shown  in  Figure  7.  3.  6-  9 . 

The  concentration  is  implicitly  determined  through  the  ratio  of  the 
two  signals  S^  (the  attenuated  signal)  and  S^°  (the  non-attenuated  signal), 
i.  e. , 


(W/d)j  =-tnS1°/S1 


cm 


-1 


Figure  7.  3.  6 - 9. 


where 


Analog  recording  over  long -path  through 
polluted  atmosphere  using  a blackbody 
source  as  transmitter.  Actual  recording 
of  field  data. 


,-1/2 


W/d  = kCR(l  + kCR/4a) 

Since  S^0  cannot  be  measured  directly,  it  must  be  related  to  a spectral 
region  where  there  is  a known  amount  of  absorption  due  to  the  natural 
species  (HgO,  C02,  etc. ).  This  relationship  is  given  by 
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7.  3.  6.  6d 

o (w/d)n  Q 

0 N^Xj,  T)  R(Xj)  2S2° 

S1  = ~n e 

n°(x2,t)r(x2) 

where  (W/d)2  must  be  known,  R(X)  is  the  instrument  responsivity  at  wave- 
length X and  N°(X,  T)  is  the  source  radiation  at  wavelength  X and  tempera- 
ture T. 

Another  approach  is  to  relate  the  signal  ratio  S^/S^0  as  measured 
over  long -path  in  the  field  to  that  as  measured  in  a calibration  cell  (see 
Figure  7.  3.  6-11).  Of  course,  the  value  Sj°  must  still  be  established 
reliably  in  the  field  data. 


Figure  7.  3.  6-11.  Conceptual  calibration  curve  S./S^0 
versus  the  product  concentration  x 
range. 

A third  method  is  one  developed  by  Derr  et  al. , in  which  the 
measurement  of  the  concentration  of  each  gas  from  the  complex  spectrum 
obtained  by  a long -path  infrared  spectrophotometer  requires  the  fitting  of 
trial  spectra  composed  from  a library  of  spectra.  The  fitting  procedure 
adjusts  the  concentrations  of  the  trial  spectra  until  a "best -fit"  in  a least 
squares  sense  is  produced.  A detailed  description  of  this  procedure  can 
be  found  in  Reference  169. 
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7.  3.  7 IR  Long -Path  with  Broadband  Source  Using  Gas  Filter 
Correlation  Receiver 

7.  3.  7.  1 Principle  of  Operation 

Gas  filter  correlation  is  a method  of  determining  the  concentration 
of  pollutant  gas  species  by  measuring  the  correlation  between  the  unknown 
atmospheric  spectrum  and  the  spectrum  of  a known  sample  o'  the  specific 
pollutant  gas  which  is  contained  in  the  instrument.  The  spectra  of  otha* 
gases  have  near  zero  correlation  with  the  spectrum  of  this  particular 
species  and  so  are  intrinsically  discriminated  against. 

The  radiant  source  is  broadband  and  the  receiver  is  non-dispersive. 
The  radiant  energy  received  from  the  source  is  passed  alternately  through 
the  sample  of  the  particular  species  and  through  a neutral  absorber  having 
the  same  total  transmission  as  the  gas  sample.  Ratiation  is  absorbed  in 
the  gas  cell  only  at  those  specific  spectral  line  wavelengths  which  are  char- 
acteristic of  that  gas  species;  in  the  neutral  absorber  radiation  is  absorbed 
equally  at  all  wavelengths. 

The  difference  in  the  source  energy  removed  by  the  gas  and  the 
neutral  absorber  is  the  desired  pollutant  concentration  signal.  If  the 
correlation  coefficient  between  the  spectra  of  the  standard  and  the  un- 
known is  zero  (random  spectral  line  overlap)  the  same  total  energy  will 
be  removed  from  the  beam  by  the  neutral  and  the  gaseous  absorbers  and 
no  net  signal  results.  If  the  correlation  coefficient  between  the  spectra  is 
plus  unity  (exact  spectral  line  overlap)  a signal  will  result;  Less  change 
will  be  observed  in  the  source  energy  when  transmitted  through  the  gas 
cell,  as  compared  to  the  neutral  absorber,  because  the  exact  wavelengths 
at  which  energy  is  selectively  attenuated  by  the  gas  cell  have  already  been 
attenuated  by  the  pollutant,  but  the  neutral  absorber  will  attenuate  the 
source  energy  non-selectively.  The  result  is  a '’ifference  signal  propor- 
tional only  to  the  specific  pollutant's  absorption.  This  signal  is  related 
by  calibration  to  the  average  concentration  of  the  specific  pollutant  over 
the  path  between  the  source  and  receiver. 
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7.  3.  7.  2 
7.  3.  7.  3a 

7.  3.  7.  2 System  Description 

The  system  consists  of  a broadband  radiant  source  covering 
the  wavelength  interval  of  the  pollutant  spectral  band  and  a receiver 
to  examine  the  source  radiation  after  its  absorption  by  the  intervening 
atmosphere. 

The  system  may  be  bistatic,  with  a separated  source  and 
receiver,  or  monostatic  wherein  the  source  and  receiver  are  adjacent 
and  with  a retroreflector  defining  the  far  end  of  the  monitored  region. 

In  this  latter  case,  the  sensitivity  is  increased  because  the  beam  tra- 
verses the  monitored  region  twice. 

The  source  is  generally;  a blackbody  and  is  chopped  so  that 
its  radiation  can  be  distinguished  at  the  detector  from  spurious  back- 
ground radiation. 

The  mechanism  for  alternating  the  beam  between  the  gas  cell 
and  the  neutral  absorber  may  be  either  at  the  source  or  at  the  detector. 

A diagram  of  a typical  instrument  is  shown  in  Figure  7.  3.  7-1. 

7.  3.  7.  3 System  Parameters 

Source 

Numerous  commercial  radiant  sources  are  available  which 
approximate  the  blackbody  function  over  the  infrared  wavelength  interval 
of  interest.  Temperatures  available  range  to  1800K;  HOOK  is  typical. 

Higher  temperatures  may  not  provide  the  expected  signal  improvement 
as  they  may  necessitate  a decrease  in  the  instrument  A o parameter. 

A A is  the  product  of  the  aperture  area  A and  the  solid  angle  (field  of 
view)  S l.  It  determines  the  power  collected  from  a field  of  radiance  and 
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7.  3.  7.  3b 


is  therefore  a general  indicator  of  sensitivity.  A n is  sometimes  called 
"light  grasp"  or  "etendue". 

Throughout  a given  optical  system  the  beam  cross-section  area  and 
the  beam  convergence  angle  may  change  individually,  but  geometric  optical 
laws  dictate  that  their  product  remains  constant.  For  this  reason  the  A Tl 
parameter  is  also  given  the  names  "throughput”  and  "optical  invariant". 

Spectral  radiance  for  blackbody  sources  is  given  in  Figure  7.  3.  7-3 
as  a function  of  temperature  and  wavelength. 

Systems  using  a natural  source  (hillside,  etc. ) are  not  included 
in  this  section.  They  are  described  in  Section  7.3.10,  Passive  Downward 
Looking  Systems. 

Operational  Wavelengths 

The  operational  wavelength  and  wavelength  interval  used  depends  on 
the  specific  pollutant  gas  to  be  detected.  Typical  wavelengths  are: 

CO  4.  5 - 4.  8 pm 

Hydrocarbons  3.  0 - 4.  0 pm 

9.  5 - 12.  0 pm 
NO  5. 1 - 5.  5 pm 

N02  3.  3 - 3.  6 pm 

S02  3.  95  - 4. 05  pm 

8.  4 - 9.  0 pm 


Wavelengths  must  be  selected  on  the  basis  of  spectral  band  parameters 
and  freedom  from  interfering  species,  especially  water  vapor. 
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7.  3.  7.  3d 


Detectors 

Some  commercially  available  detectors,  their  operating 
temperature,  and  their  regions  of  optimum  performance  are: 


PbS 

(193K) 

2 - 3 M m 

PbSe 

(193K) 

2 - 5 u m 

InSb 

( 77K) 

2 - 5 u m 

Pb(Sn,  Te) 

( 77K) 

5 - 10  y m 

Hg(Cd,  Te) 

( 77K) 

7 -12  y m 

Characteristics  values  of  the  parameters  D*  for  these  de- 
tectors are  shown  in  Figure  7.  3.  7-2. 

Optics 

Entrance  aperture,  Aq 

Entrance  solid  angle,  ^ 

Optical  efficiency,  tj0  (net  transmission) 

Detector  optics,  ^j~Aq  for  optimum  design 

These  optical  parameters  are  chosen  by  the  designer  to  opti- 
mize the  system  performance. 

Electronics 

Electronic  efficiency,  rje 

The  electronic  efficiency  is  the  reduction  in  signal-to-noise 
due  to  the  data  processing.  It  may  be  appreciably  less  than  unity 
even  for  a detector- noise-limited  system. 

Electronic  Bandpass,  ^ 

Generally  Af  = 1/4  tc  where  tc  is  the  0-63%  time  consi_.it  of 
the  system  readout,  however,  this  can  vary  with  electronics  design. 
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7.  3.  7.  4a 


7.  3.  7.  4 Theoretical  Performance  Prediction 

Based  upon  known  or  assumed  system  parameters,  an 
approximate  performance  prediction  can  be  made.  The  accuracy 
of  these  calculated  results  will  be  dependent  on  the  accuracies  of 
the  parameter  values  used  and  on  the  degree  to  which  the  system 
design  conforms  to  the  assumed  theoretical  model. 
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7.  3.  7.  4c 


The  signal-to-noise  ratio  for  a gas  filter  correlation  system 
i: 

SNR  = P/dP 

where:  P = N°(X, r)  AX  Aq  rjQ  M 

dP  = NEP/r,e  = (Ad/4r)*/r?eD* 

and:  N°  = Source  spectral  radiance,  normally  a black- 

body  is  assumed.  See  Figure  7.  3.  7-3. 

2 

Units:  watts/cm  micron- ste  radian. 

A X = Wavelength  interval  defined  by  the  optical 
filter.  Units:  microns 

2 

Aq  = Area  of  entrance  optics.  Units:  cm 

O = Solid  angle  of  field  of  view, 
o 

Units:  steradians 

2 

A.  = Area  of  detector.  Units:  cm 
a 

If  not  known,  may  be  approximated  by  L 59*AQnQ 
tjq  = Optical  efficiency.  Use  0. 1* unless  otherwise 
known.  Units:  none 

r = System  time  constant,  0-63%  response. 

Units:  seconds 

r)e  = Data  processing  efficiency.  Use  0.  3* unless 
otherwise  known. 

Units:  none 

D*  = Detector  specific  detectivity.  Use  value  from 
Figure  7.  3.  7-2  unless  otherwise  known. 

Units:  cm  HzVwatt 

NEP  = Noise-equivalent  power.  Units:  watts. 

When  quoted  in  system  specification,  NEP  may 

have  units  of  watts/Hz^;  if  so,  divide  given 

* 

value  by  before  using. 

* typical  values  of  well -designed  instruments. 
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7.  3.  7.  4e 


M = Modulation  factor.  Exact  calculation 

requires  knowledge  of  molecular  spectral 
band  fine  structure  parameters.  For  low 
concentrations  assume: 

M - KcH 

where:  K = Empirically  determined  constant.  Unless 

otherwise  known,  use  L 0 or  0. 1/Rc:  which- 
ever is  smaller. 

Units:  cm'* 

c = Fractional  concentration  of  pollutant  in 

atmosphere  being  monitored,  i.  e. , ppm  x 10 
R = Optical  path  length  in  atmosphere  being 
monitored.  Units:  cm 
Calculation  Procedure: 


Because  c (concentration),  R(range)  and  r(time  constant)  are 
often  field  variables,  it  is  convenient  to  calculate  SNR  = (constant) 
(cR  J~t~)  so  that  the  comparative  effect  of  these  variables  on 
SNR  is  easily  determined. 


SNR  = G (cR  ft) 

Where:  G = 2N°  A XA0^Ve  D*KA/K^  ^ 

Aq  = area  of  entrance  optics,  (cm  ) 

O = solid  angle  of  field  of  view,  approximately 
° 2 

(r/R)  , where  r = width  of  field  of  view  at 
R distance.  For  example,  if  1 meter 
(=r)  field  of  view  at  100  meters  (=R) 

_4 

distance,  o = 10  steradians. 
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Analytical  Determination  of  SNR 

The  above  equation  can  be  used  to  calculate  a predicted  value 
of  SNR.  Unless  otherwise  known  the  following  values  can  be  assumed 
for  the  variables  defined  above: 

Aq  = area  of  entrance  optics,  (cm^) 

= solid  angle  of  field  of  view;  approximately 
(r/R)^,  where  r = width  of  field  of  view  at 
R distance.  For  example,  if  1 meter  (=r)  field 

_4 

of  view  at  100  meters  (=R)  distance,  ^ 
steradians. 


10' 


N : 

AX: 

Ad‘ 

Vo- 

Ve: 

D*: 

R: 

r • 

c : 

R : 


assume  Figure  7.  3.  7-4 
assume  0.  i ^m 
assume  1.  59 
assume  0. 1 
assume  0.  3 

assume  Figure  7.  3.  7-2 

assume  1.  0 or  0. 1/Rc,  whichever  is  smaller 

instrument  time  constant,  seconds 
concentration,  ppm  x 10  "6 
range,  cm 
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Step  1:  Calculate  G * 2N°A\  A.0n0r[orleD*v/'^Ad 

Use  known  experimental  values  or  approximate  values 
given  above. 

This  value  of  G can  now  be  used  for  various  values  of  c,  R, 
and  tc  which  are  often  field  variables. 


Step  2: 

To  calculate  SNR  given  c,  R,  tc : 

SNR  - G cR/F, 

Step  3: 

To  calculate  c given  SNR,  R,  tc: 

c(ppm  x 10" 6)  = SNR/G  R/t 

c 

Graphical  Determination  of  SNR 

Graphical  Determination  of  SNR 

We  assume  the  following  typical  values  in  the  calculation  of  G, 
above.  Known  values  are  always  preferred  over  these  typical 
values. 


A = 300  cm^ 

o 

Aq  = 2 x 10'^  sr 

N°  = 0.  3 watt  cm"**  sr”1  pm”1  for  wavelengths  3 to  6 Mm 

-2  -l  -1 

0.  05  watt  cm  sr  pm  for  wavelengths  6 to  12  pm 
Ax  = 0.1.  Mm 

Ad  = L 59  Ao  A>  cm2 


Ve  = 
D*  = 


k = 


0.1 


0.3 

1011  cm  Hz  * w"1 

io  i 

2 x 101  cm  Hz2 

1.0 


for  wavelengths  3 to  6 Mm 
w-1  for  wavelengths  6 to  12  pm 


We  leave  the  quantities  c,  R,  and  t as  variables. 
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Step  1: 


Step  2: 


Step  3: 


Example: 
Step  1: 


Step  2: 


Step  3: 


Calculate:  cR 


Assume: 


Result: 

Calculate: 

Assume: 

Result: 

C alculate: 

Assume: 

Result: 


Assume: 


Assume: 


Assume: 


R,  range  in  meters.  Double  distance  if 
monostatic  system  with  retroreflector  is 
used,  c,  pollutant  concentration  in  ppm 

Figure  7.  3.  7-4  gives  values  of  the  product 
cR  in  units  of  cm  atm. 

crVF 

e 

t , time  constant,  seconds 
c’ 

Figure  7.  3.  7-5  gives  values  of  the  product 

cR  Jt  . 
c 

SNR,  signal-to- noise  ratio 
cR^  from  Step  2. 

Figure  7.  3.  7-6  gives  SNR  for  the  two  cases: 

a.  3 to  6 Mm  wavelength 

b.  6 to  12  pm  wavelength 

for  the  typical  instrument  parameters  assumed. 

R = 100m  and  a retroflector  is  used.  Therefore, 
double  R to  get  200m  (total  path).  Assume  concen- 
tration = 0.  01  ppm.  From  Figure  7.  3.  7-4  read 

_4 

CR  = 2 x 10  cm-atm. 

_4 

10  second  time  constant  and  CR  = 2 x 10  cm-atm 
(from  Step  1).  From  Figure  7.  3.  7-5  read  CR  ^tc  = 
6 x 10“4. 

A wavelength  in  the  interval  3 to  6Mm.  Enter  CR'/ tc 
6 x 10~4  in  Figure  7.  3.  7-6  and  read  SNR  = 7 x 10^. 
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Graphical  Analysis  of  SNR,  Step  3 
Fig.  7. 3. 7-6 


7.  3.  7.5 
7.  3.  7.  6a 


7.  3.  7.  5 Special  Performance  Requirements 

The  non- special  requirements  were  discussed  in  Section  7. 1, 
Procedures  Applicable  to  All  Remote  Sensors. 

In  addition,  the  user  should  be  cautioned  about  proceeding 
when  low  signal-to- noise  ratios  are  expected,  as  peak  random  noise 
is  typically  a factor  of  five  higher  than  the  rms  value  commonly  quoted. 

7.  3.  7.  6 Data  Analysis  Procedure 

Analysis  is  performed  by  comparing  the  experimental  data  with 
an  empirically  determined  calibration  curve;  theoretical  calibration  re- 
quires computer  analysis  of  the  molecular  spectral  band  fine  structure 
parameter. 

A typical  calibration  curve  is  shown  in  Figure  7.  3.  7-  7.  The 
calibration  curve  is  obtained  experimentally  by  inserting  a calibration 
cell  into  the  optical  path  (see  Figure  7.  3.  7-  8)  and  charging  the  cell 
with  known  concentrations  of  the  pollutant  gas. 


7.  3.  7.  6d 


1 


Precautions  must  be  taken  when  using  a calibration  cell. 

Reflections  from  the  cell  windows  must  be  taken  into  account; 
reflections  from  the  cell  front  window  will  appear  as  unmodulated 
source  radiance  which  may  affect  the  signal  output  per  unit  of  cali- 
bration gas.  The  effect  will  vary  with  system  design.  This  can  be 
eliminated  by  making  the  calibration  cell  an  integral  and  permanent 
part  of  the  instrument  system. 

The  calibration  gas  must  be  introduced  into  the  cell  in  the 
proper  concentration  and  pressurized  to  one  atmosphere  total  pressure 
with  nitrogen  to  cause  realistic  spectral  line  profiles. 

Calibration  with  a gas  cell  is  valid  because,  within  the  limits 
of  these  instruments,  the  modulation  (signal)  is  proportional  to  the 
product  of  concentration  and  path  length.  The  units  for  this  quantity 
are  centimeter- atmospheres.  It  is  numerically  equal  to  ppm  x 10" 6 x 
path  length.  For  example,  lOppm  in  a 50  cm  cell  through  which  the 
beam  passes  twice  would  be: 

fi  3 

10  x 10“  x 50  x 2 = 10“  cm  atm.  The  resulting  signal 

would  be  constant  for  any  combination  of  ppm  and  range  equalling 
-3 

10  cm  atm. 

The  calibration  curve  thus  gives  the  total  specific  pollutant 
gas  in  the  optical  path  in  units  of  cm-atm.  If  uniform  spatial  distri- 
bution is  assumed,  the  average  concentration  is  obtained  by  dividing 
cm-atm  by  the  optical  path  length. 
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7.  3.  8.  1 


7.  3.  8 IR  Long-Path  with  Broadband  Source  Using 
Filterwheel  Receiver 

7.  3.  8. 1 Principle  of  Operation 

A filterwheel  receiver  utilizing  a broadband  radiant  source 
operates  as  a narrowband  radiometer  to  measure  the  total  absorption 
in  an  interval  of  the  spectral  band  of  the  specific  pollutant.  The 
pollutant  concentration  is  determined  using  this  data  plus  knowledge  of 
the  path  length  and  the  instrument  calibration  curves. 

In  principle,  data  must  be  taken  through  two  filters  - one  in 
the  pollutant  absorption  band  and  one  outside  the  band  - to  yield  the 
ratio  I/Iq  from  which  the  concentration  can  be  deduced.  In  practice, 
more  than  two  filters  are  employed  in  order  to  remove  the  effects  of 
superimposed  absorption  of  other  gas  species. 

This  latter  point,  the  lack  of  inherent  specificity,  is  the  cause 
of  the  performance  limitation  of  filterwheel  radiometer  instruments.  The 
current  state  of  performance  of  narrowband  optical  filters  limits  the 
passband  to  not  less  than  about  one  percent  of  the  center  wavelength,  or 
about  0.  05  Mm  at  5 Mm.  No  infrared  pollutant  absorption  band  is  com- 
pletely free  from  overlap  of  atmospheric  lines  and/or  other  pollutant 

lines,  and  considerable  spectral  interference  exists  between  individual 
species  that  are  normally  present  in  polluted  atmospheres  at  the  spectral 
resolution  of  high  quality  radiometers.  Water  vapor  is  a particularly 
prevalent  source  of  interference.  Many  filters  at  carefully  chosen  wave- 
lengths are  often  incorporated  to  provide  a set  of  data  which  in  con- 
junction with  knowledge  of  the  spectral  parameters  of  interfering  species 
is  used  to  correct  for  the  spurious  absorption. 

] 
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If  it  is  known  that  the  circumstances  do  not  require  a high 
specificity  instrument,  a filterwheel  radiometer  has  the  positive 
qualities  of  high  sensitivity,  fast  response,  and  low  complexity. 

7.  3.  8.  2 System  Description 

The  system  consists  of  a broadband  radiant  source  covering 
a wavelength  interval  greater  than  the  extent  of  the  absorption  band  of 
the  pollutant,  and  a receiver  to  examine  the  source  radiation  after  its 
absorption  by  the  intervening  atmosphere.  The  system  is  bistatic;  the 
source  and  receiver  may  be  separated  or  they  may  be  adjacent  and  a 
retroreflector  used  to  define  the  far  end  of  the  monitored  region. 

The  source  is  generally  a blackbody  and  is  chopped  so  that 
its  radiation  can  be  distinguished  at  the  detector  from  spurious  back- 
ground radiation. 

The  receiver  consists  of  a telescope  or  other  foreoptics  to 
collect  the  radiation,  a filterwheel  to  sequentially  position  two  or  more 
narrow  band  filters  into  the  beam,  secondary  optics  to  focus  the  beam 
onto  the  detector,  plus  the  necessary  electronics  for  control  and  data 
processing. 

Figure  7.  3.  8-1  is  a diagram  of  a filterwheel  radiometer  built 
by  Bendix  for  EPA  for  measuring  pollutant  spectra  in  the  7-14  Mm 
region  (Ref.  180).  Instead  of  a set  of  discrete  wavelength  filters,  in 
this  instrument  the  wavelength  is  scanned  by  rotating  a continuously 
variable  filter  wheel  which  has  a resolution  of  about  one  percent.  The 
radiation  is  collected  by  a 28  cm  aperture  telescope  and  passed  through 
the  filter  wheel  to  a mercury-doped  germanium  detector  cooled  by 
mechanical  refrigeration  to  28K.  An  on-line  computer  is  used  to  analyze 
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the  spectra  in  terms  of  pollutant  concentration  using  regression 
analysis  based  on  previous  calibration  data.  The  instrument  is  op- 
tically simple,  but  due  to  the  poor  spectral  resolution  the  data  inter- 
pretation can  be  difficult  even  with  the  help  of  the  on-line  computer. 


RECEIVER 

AUXILIARY 


Figure  7.  3.  8-1.  Block  Diagram  of  the  Bendix  Filter- 
wheel  Radiometer  (Ref.  180). 
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7.  3.  8.  3 System  Parameters 

Source 

Numerous  commercial  radiant  sources  are 
available  which  approximate  the  blackbody  function  over  the 
infrared  wavelength  interval  of  interst.  Temperatures  avail- 
able range  to  1800K;  1100K  is  typical.  Higher  temperatures  may 
not  provide  the  expected  signal  improvement  as  they  may  necessitate 
a decrease  in  the  instrument  A 0 parameter.  Spectral  radiance 
for  blackbody  sources  is  given  in  Figure  7.  3.  8-2  as  a function 
of  temperature  and  wavelength. 

Operational  Wavelengths 

The  operational  wavelength  and  wavelength  inter- 
val used  depends  on  the  specifc  pollutant  gas  to  be  detected.  All 
pollutant  species  having  absorption  bands  in  the  ER  may  potentially 
be  monitored  by  this  technique.  Most,  however,  will  be  severely 
interfered  with  by  other  species.  The  most  practical  species 
appear  to  be 

CO  4.  6 urn 

O,  9.  7 urn 

u 

The  following  table  illustrates  the  extent  of  the  interference 
which  may  exist,  depending  on  the  exact  wavelength  intervals  chosen. 
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Table  7.  3.  8-1.  Pollutants  and  Interfering  Species  (Ref.  270) 
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Detector 

Commercially  available  detectors  having  the  highest 
specific  detectivity  (D*)  at  these  wavelengths  are 

4.  6 pm:  Indium  antimonide,  InSb 
9.7  pm:  Lead  Tin  Telluride,  Pb(Sn,Te) 

Typical  values  of  D*  for  these  and  other  detectors  are 
shown  in  figure  7.  3.  8-3. 
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Optics 

2 

Entrance  aperture,  AQ(cm  ) 

Entrance  solid  angle,  n (steradians) 

Optical  efficiency,  (net  transmission) 

These  optical  parameters  are  chosen  by  the  designer  to 
optimize  the  system  performance. 

Electronics 

Electronic  efficiency,  „e 

The  electronic  efficiency  is  the  reduction  in  signal-to-noise 
due  to  the  data  processing.  It  may  be  appreciably  less  than  unity 
even  for  a detector-noise-limited  system. 

Electronic  Bandpass, 

Generally  A^  = 1/4 tc where  tc  is  the  0-63%  time  constant  of  the 
system  readout,  however,  this  can  vary  with  electronics  design. 

7.  3.  8.  4 Theoretical  Performance  Prediction 

Based  upon  known  or  assumed  system  parameters,  an  approxi- 
mate performance  prediction  can  be  made.  The  accuracy  of  these  calcu- 
lated results  will  be  dependent  on  the  accuracies  of  the  parameter  values 
used  and  on  the  degree  to  which  the  system  design  conforms  to  the 
assumed  theoretical  model. 

From  Appendix  VII,  the  signal-to-noise  ratio  for  a filterwheel 
radiometer  system  is: 

SNR  = P/dP 

The  numerator,  P,  contains  the  source  function,  the  modulation  function 
and  instrument  optical  performance  terms.  The  denominator  dP  is  the 
instrument  performance  limitation  assuming  optimized  detector-noise- 
limited  operation. 
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where: 


and: 


p = n°(x,t)ax  A0  n0  n0  m 
dP  = NEP/ne  = (Ad/4x)^/(neD*) 

N°  = Source  spectral  radiance,  normally  a blackbody 

is  assumed.  See  Figure  7.  3.  8-2. 

2 

Units:  watts/cm  micron-steradian. 

AX  = Wavelength  interval  defined  by  the  optical  filter. 
Units:  microns 

2 

A = Area  of  entrance  optics.  Units:  cm  . 

o 

= Solid  angle  of  field  of  view. 

Units:  steradians 

2 

Ad  = Area  of  detector.  Units:  cm 

If  not  known,  may  be  approximated  by  1.59  AQfi0 

* 

nQ  = Optical  efficiency.  Use  0.1  unless  otherwise 
known.  Units:  none 

*c  = System  time  constant,  0-63%  response. 

Units:  seconds 

ng  = Data  processing  efficiency.  Use  0.3*unless 
otherwise  known. 

Units:  none 

D*  = Detector  specific  detectivity.  Use  value  from 

Fioure  7.  3.  8-3  unless  otherwise  known. 
h 

Units:  cm  Hz  7 watt 

NEP  * Noise-equivalent  power.  Units:  watts. 

When  quoted  in  system  specification,  NEP  may  have 
units  of  watts/Hz2;  if  so,  divide  given  value  by 
/4tc  before  using. 

♦Typical  values  for  well -designed  systems. 
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M = Modulation  factor.  Exact  calculation  requires  knowledge  of  the 
molecular  spectral  band  parameters.  If  we  assume  that  the  intensity 
of  the  source  is  the  same  at  the  off-band  and  on-band  measured  wave- 
lengths, the  modulation  factor  becomes 

M = l - exp  - (kcR(l+kcR/4a)”^) 

where  k = band-averaged  absorption  coefficient  Units: 
cm-1  atm-1 

where  a = band-averaged  fine  structure  parameter  Units: 
none 

c = Fractional  concentration  of  pollutant  in  atmosphere 

“ 6 

being  monitored,  i.  e.  , ppm  x 10" 

R = Optical  path  length  in  atmosphere  being  monitored. 
Units:  cm. 

Values  of  k and  a can  be  obtained  from  NASA  CR-2324  (Reference  180). 
Calculation  Procedure: 

We  can  approximate  the  modulation  factor  as 
M = 1 - exp(-RcR) 

and  the  signal-to-noise  equation  becomes 

SNR  - 2N°a  xA^t^D'H/t/^ 

SNR  values  will  generally  be  quite  high  with  this  type  of  instrument. 
The  measurement  should  not  be  assumed  to  be  accurate  to  better  than 
0.  01  ppm. 
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Analytical  Determination  of  SNR 

The  above  equation  can  be  used  to  calculate  a predicted  value 
of  SNR.  Unless  otherwise  known  the  following  values  can  be  assumed 
for  the  variables  defined  above: 

A = area  of  entrance  optics 
o 

= solid  angle  of  field  of  view;  approximately 

(r/R)^,  where  r = width  of  field  of  view  at 

R distance.  For  example,  if  1 meter  (=r)  field 

-4 

of  view  at  100  meters  (=R)  distance,  = 10 
steradians. 

N°:  assume  Figure  7.  3.  8-2 

A>:  assume  0.  05  (typical  value  for  well -designed  system) 

A^:  assume  1.  59 

r,  : assume  0. 1 

77  : assume  0.  3 

'e 

D*:  assume  Figure  7.  3.  8-3 

R:  assume  0.014  cm’*  atm-1  for  CO  at  4.6  ^m 

assume  0.021  cm-1  atm-1  for  0^  at  9.7 
tc:  instrument  time  constant,  seconds 

g 

c : concentration,  ppm  x 10 

R : range,  cm 

it  is  convenient  to  calculate  SNR  in  two  steps. 


SNR  = G (M^) 
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where  G = 2N°AxA0J^T70neDV«/Ad 
M = 1 - exp  (fccR) 

Step  1:  Calculate  G 

Use  known  experimental  values  or  approximate  values 
given  above. 

This  value  of  G can  now  be  used  for  various  values  of  c,  R, 
and  r,  which  are  often  field  variables. 

Step  2:  Calculate  SNR  = G (l-exp(kcR))*/tT 

Use  various  anticipated  field  values  of  c,  R and  r.  Use 
values  of  K given  above. 

Graphical  Determination  of  SNR 

We  assume  the  following  typical  values 
2 

A = 500  cm 
o 

A = 10“ 4 sr 
o 

N°  = 0.  5 watt  cm" ^ sr"1  ^m-1  at  4.  6 (CO) 

0.  05  watt  cm  2 sr"1  y m"1  at  9.  7 ^m  (0^) 

AX  = 0.  05  Mm 

2 

Ad  = 1.  59  Aq  cm 
V0  = °- 1 

ne  = °-  3 ^ 

D*  = 1011  cm  HI  w 

We  leave  the  quantities  c,  R,  and  tc  as  variables. 

Step  1:  Calculate:  M = 1 - exp(fccR) 
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Assume:  Value  of  pollutant  concentration,  ppm 
Range,  meters 

j Result:  Figure  7.  3.  8-4  gives  M for  CO  and  Og  as  a function 

of  c and  R. 

Step  2:  Calculate:  SNR  = GMyFc 

Assume:  Value  of  G based  on  assumed  experimental 
values  above. 

tp>  time  constant,  seconds 
M.  modulation  factor,  from  Step  1 

Result:  Figure  7.  3.  8-5  and  7.  3.  8-6  give  values  of  SNR 

for,  respectively,  CO  and  Og  for  values  of  M and  tc 

7.  3.  8.  5 Special  Performance  Requirements 

The  non- special  requirements  were  discussed  in  Section  7. 1, 
Procedures  Applicable  to  All  Remote  Sensors. 

In  general,  no  special  requirements  are  required  by  radio- 
meters. Special  requirements  due  to  a particular  instrument  design 
should  be  noted  by  the  manufacturer. 

7.  3.  8.  6 Data  Analysis  Procedure 

In  its  simplest  form,  data  analysis  is  performed  by  comparing 
the  experimental  data  with  an  empirically  determined  calibration  curve. 
This  can  result  in  large  errors  due  to  spurious  signals  caused  by  over- 
lapping absorption  bands  of  other  species. 

The  analysis  procedure  to  correct  this  problem  must  be 
detailed  by  the  instrument  manufacturer  and  will  depend  on  the  manu- 
facturer's ingenuity,  the  exact  wavelengths  at  which  the  measurements 


L 7-230 

J 


Modulation  Factor 


.001  .01  .01  l.  0 10. 0 

Concentration,  ppm 
Graphical  Analysis  - Step  1 
Figure  7.  3.  8-4 
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are  taken,  and  the  expected  concentration  or  known  absence  of  other 
pollutants.  For  example,  the  instrument  shown  in  Figure  7.  3.  8-1 
uses  a small  on-line  computer.  Accuracy  by  any  method  will  probably 
not  exceed  0.  01  ppm. 

The  sensitivity  of  a filterwheel  radiometer  can  be  established 
by  using  a calibration  cell  such  as  shown  in  Figure  7.  3.  8-7.  Sensitivity 
must  be  established  not  only  for  the  specific  pollutant  of  interest,  but 
also  for  other  gases  which  may  be  present,  including  water  vapor. 

Reflections  from  the  cell  windows  must  be  taken  into  account; 
reflections  from  the  cell  front  window  will  appear  as  unmodulated 
source  radiance  which  may  affect  the  signal  output  per  unit  of  cali- 
bration gas.  The  effect  will  vary  with  system  design.  This  can  be 
eliminated  by  making  the  calibration  cell  an  integral  and  permanent  part 
of  theinstrument  system. 

Calibration  with  a gas  cell  is  valid  because,  within  the  limits 
of  these  instruments,  the  modulation  (signal)  is  proportional  to  the 
product  of  concentration  and  path  length.  The  units  for  this  quantity 
are  centimeter-atmospheres.  It  is  numerically  equal  to  ppm  x 10"  x 
path  length.  For  example,  10  ppm  in  a 50  cm  cell  through  which  the 
beam  passes  twice  would  be: 

“6  3 

10  x 10  x 50  x 2 = 10  cm  atm.  The  resulting  signal 

would  be  constant  for  any  combination  of  ppm  and  range  equalling 
- 3 

10  cm  atm. 

The  calibration  curve  thus  gives  the  total  specific  pollutant 
gas  in  the  optical  path  in  units  of  cm-atm.  If  uniform  spatial  distri- 
bution is  assumed,  the  average  concentration  is  obtained  by  dividing 
cm-atm  by  the  optical  path  length. 
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7.  3.  9 UV/ Visible  Long  Path  with  Broadband  Source 
and  Matched  Filter  Correlation  Receiver 

7.  3.  9. 1 Principle  of  Operation 

Matched  filter  correlation  is  a method  of  determining  the 
concentration  of  a pollutant  gas  species  by  measurement  of  the 
correlation  between  the  unknown  atmospheric  spectrum  and  the 
known  spectrum  of  the  specific  pollutant  gas.  The  spectra  of 
other  gases  have  near  zero  correlation  with  the  spectrum  of  this 
particular  species  and  so  are  intrinsically  discriminated  against. 

The  radiant  source  is  broadband  and  the  receiver  is  dis- 
persive. The  radiant  energy  received  from  the  source  is  dispersed 
into  a spectrum  by  a diffraction  grating.  This  spectrum  is  focused 
onto  a reference  spectrum  consisting  of  an  aluminized  quartz  disk 
with  the  aluminum  coating  removed  by  photoetching  at  a set  of  pre- 
cise wavelengths  in  the  spectrum  of  the  desired  pollutant  gas  species. 
The  spectral  width  and  location  of  these  slits  is  determined  by  com- 
puter modelling  of  the  pollutant  absorption  band  and  the  correlation 
process. 

As  this  disk  containing  the  reference  spectrum  rotates,  the 
slit  arrays  will  correlate  sequentially  in  a positive  and  negative  sense 
with  the  spectrum  of  the  incoming  atmospheric  radiation  if  that  species 
is  present  in  the  atmosphere.  The  resulting  light  modulations  are 
detected  by  photomultiplier  tubes  and  processed  in  the  electronics  to 
produce  a voltage  output  which  is  proportional  to  the  quantity  (ppm- 
meters)  of  the  pollutant  in  the  measured  path. 
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In  principle,  this  technique  is  similar  to  gas  filter  corre- 
lation, described  in  7.  3.7  and  7.  3. 10  of  this  report,  except  that  gas 
filter  correlation  uses  a sample  of  the  gas  as  a wavelength- selective 
absorber  in  a nondispersive  optical  system. 

7.  3.  9.  2 System  Description 

The  system  consists  of  a source  and  a receiver.  The  source 
may  be  at  the  opposite  end  of  the  test  region,  or  it  may  be  adjacent 
to  the  receiver  and  a retroreflector  used  to  define  the  test  region 
extremity.  In  this  latter  case  the  sensitivity  is  increased  because 
the  path  length  through  the  atmosphere  is  doubled. 

The  source  must  be  chopped  to  provide  a means  by  which  the 
electronics  can  discriminate  against  the  spurious  signal  component  due 
to  scattered  and  reflected  sunlight,  which  can  be  strong  at  these  wave- 
lengths. 

Figures  7.  3,  9-1  and  -2  are  the  schematic  and  photograph  of 
a matched  filter  instrument.  The  specific  instrument  shown  is  designed 
to  measure  two  gases  simultaneously  and  so  contains  two  diffraction 
gratings  and  detectors. 
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SPHERICAL  MIRROR 


Figure  7.  3.  9-1.  Matched  Filter  Correlation  Instrument  Diagram, 
Dual  Gas  Model 
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7.  3.  9.  3.  System  Parameters 

Source 

Incandescent  and  arc  sources  are  readily  available  in  a large 
variety  of  output  power.  Typical  sources  are: 

1.  Incandescent  tungsten,  halogen  cycle;  color 
temperature  3000K. 

2.  xenon  arc;  color  temperature  6000K. 

The  higher  color  temperature  implies  that  a higher  percentage 
of  the  radiated  energy  is  in  the  short  wavelengths,  which  is  the  region 
used  by  these  instruments. 

Arc  lamps  can  be  chopped  by  modulation  of  the  power  supply; 
incandescent  lamps  require  a mechanical  chopper. 

Operational  Wavelengths 

The  operational  wavelength  and  wavelength  interval  depend  on 
the  specific  pollutant  gas  to  be  detected. 

Not  all  pollutants  are  suitable  for  matched  filter  correlation 
detection.  To  date,  the  measurement  of  two  gases  have  been  shown 
to  be  feasible  by  this  technique: 

SO?  280-315  nm 

NOg  413-450  nm 

Detector 

Photomultiplier  tubes  are  the  detectors  best  suited  for  this 
wavelength  region.  Many  varieties  are  available  for  optimizing  the 
instrument  design.  Those  having  an  S-5  response  function  have  peak 
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response  in  these  wavelength  regions,  although  other  response  functions 
may  be  better  suited  to  a particular  instrument. 

Optics 

o 

Entrance  aperture,  Aq  (cm  ) 

Entrance  solid  angle,  (steradians) 

Optical  efficiency,  tjq  (net  transmission) 

These  optical  parameters  are  chosen  by  the  designer  to  optimize, 
the  system  performance. 

7.3.  9.  4.  Theoretical  Performance  Predictions 

Based  upon  known  or  assumed  system  parameters,  an  approxi- 
mate performance  prediction  can  be  made.  The  accuracy  of  these 
calculated  results  will  be  dependent  on  the  accuracies  of  the  parameter 
values  used  and  on  the  degree  to  which  the  system  design  conforms  to 
the  assumed  theoretical  model. 

From  Appendix  VII,  the  signal -to-noise  ratio  for  a matched  filter 
correlation  system  is: 

SNR  = P/dP 

The  numerator,  P,  contains  the  source  function,  the  modulation  function 
and  instrument  optical  performance  terms.  The  denominator  dP  is  the 
instrument  performance  limitation  assuming  optimized  operation. 
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The  signal  for  the  matched  filter  correlation  system  is  given 
by 

P=rj  A ft  Nn  A X M X/hc 
o o o 

where 

V = optical  efficiency 

Aq  = entrance  aperture 

ftQ  = entrance  solid  viewing  angle 

N = source  radiance 

n = number  of  slits  in  reference  spectrum 

AX  = width  of  slits  in  reference  spectrum 
M = modulation  coefficient;  see  below 

X = center  band  wavelength 

h = Planck's  constant 

c = speed  of  light 

The  modulation  coefficient  is  given  by 
-a  ^CR  -ag  CR 
M = e - e 


where 

= average  minimum  atmospheric  absorption  coefficient 
across  the  slits. 

ag  = average  maximum  atmospheric  absorption  coefficient 
across  the  slits. 

C = concentration 
R = range 
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The  system  will  in  general  be  shot- noise  limited  with  the 
noise  level  given  by 

dP  = (^A^NnA^MjVhc)1/2 

where 


-a 


ML  = (e 


-a,, 

+ e J )/2 


1 "“2 


and  the  other  quantities  are  as  previously  defined. 


The  signal-to-noise  ratio  is  therefore 
SNR  = (r?oAoOQNnAU/hc)1//2  (M/M  1 1/2 ) 

Calculation  Procedure 

The  values  of  SNR  determined  here  are  very  high  due  to  the 
ideal  system  assumed.  In  practice,  the  noise  will  be  significantly 
higher  due  to  interfering  gas  species,  spectral  structure  in  the  source 
radiance  and  non- ideal  instrument  parameters. 


Analytical  Determination  of  SNR 

For  computational  convenience  only,  the  parameter  IP  is  introduced. 
Step  1:  Calculate  the  instrument  parameter: 

IP  = (r?oAonoN°nA\\/hc)1/2 

Typical  values  may  be  assumed.  Known  values  are  always 
to  be  preferred  over  these  typical  values. 


n 

0.  01 

0 

A 

o 

= 

100  cm2 

0 

0 

= 

-5 

10  steradians 

n AX 

= 

15  nm 

N 

= 

2 

1.  0 w/ sr  cm  nm 

at 

300  nm 

(SO,) 

N 

= 

2 

3.  0 w/sr  cm  nm 

at 

430  nm 

(N02) 

X/hc 

= 

1.  5 x 1018  at  300 

nm 

X/hc 

= 

1ft 

2.  2 x 10l°  at  430 

nm 
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Step  3: 


Hence, 

IP  = 1.  5 x 107  for  SO, 


IP  = 3. 1 x 10'  for  NO, 


Step  2:  Calculate  the  modulation  parameter: 


-a.CR  -a_CR 
M \ = (e  - e 2 ) 1. 414 


— 3>iCR  "^a  cr 
(e  1 + e 2 ) 


Using  the  approximate  gas  parameter  values: 
a^  = 7 cm-1  atm-1  for  SOg 

7 cm"1  atm-1  for  NOg 
ag  = 10  cm’1  atm-1  for  SOg 

15  cm-1  atm-1  for  NOg 

These  values  of  a^  and  a„  are  highly  dependent  on  the  par- 
ticular instrument  aesign. 

The  other  parameters  are  the  expected  field  values: 

C = pollutant  concentration,  ppm  x 10 


R = measurement  range,  cm 
Calculate  the  anticipated  signal-to-noise: 


SNR  = IP  IM 
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Graphical  Determination  of  SNR 


Step  1: 

Calculate: 

Total  pollutant  in  test  path. 

Assume: 

Known  length  of  test  path,  meters. 

Anticipated  pollutant  concentration,  ppm. 

Result: 

Plot  in  Figure  7.  3.  9-3  gives  total  pollutant 
in  units  of  cm-atm. 

Step  2: 

C alculate: 

Anticipated  SNR. 

Assume: 

Total  pollutant  in  cm-atm  (Step  l)  assumed 
typical  instrument  parameters  as  given  in 
Analytical  Determination  of  SNR. 

Example: 

Result:  Plot  in  Figure  7.  3.  9-4  gives  anticipated  SNR 

as  a function  of  total  pollutant. 

In  Step  1 of  the  Analytical  Determination  of  SNR,  parameters 

are  given  which  are  typical  of  a well -designed  system.  In  the  absence  of  ac- 
tual instrument  values,  these  typical  values  may  be  assumed.  Using  these 

7 

typical  values,  the  parameter  IP  is  calculated  to  be  1.  5 x 10  for  S0o  and 

7 ^ 

3. 1 x 10  for  NOg.  If  actual  values  are  known,  this  parameter  should  also 

be  calculated  using  the  known  values. 

In  Figure  7.  3.  9-4,  the  SNR  curves  assume  the  typical  values 

of  IP.  If  actual  values  of  IP  are  known,  the  SNR  should  be  corrected  as 

follows: 

SNR  (actual)  - SNR  (typical)  g 
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7.  3.  9.  5 Special  Performance  Requirements 

The  non-special  requirements  were  discussed  in  Section  7. 1, 
Procedures  Applicable  to  All  Remote  Sensors. 

The  user  should  be  cautious  of  possible  eye  damage  from  the 
UV  radiation  of  an  arc  lamp  if  one  is  used  as  the  radiant  source. 

Such  a source  should  be  shielded  so  that  it  cannot  be  seen  directly  by 
the  operator  or  others.  These  sources  are  not  covered  by  the  Pro- 
posed Standards  for  Laser  Products  (for  additional  information  on  this 
general  topic,  see  Section  6.  2.  2.  2 - Operational  Limitations  due  to 
Eye  Safety  Requirements). 

7.  3.  9.  6 Data  Analysis  Procedure 

Data  analysis  is  performed  by  comparing  the  experimental 
data  with  an  empirically  determined  calibration  curve. 

A calibration  curve  is  obtained  experimentally  by  inserting  a 
calibration  cell  into  the  optical  path  (the  instrument  shown  in  Figure 
7.  3.  9-1  has  permanently  installed  calibration  cells  so  that  any  effect 
of  the  optical  transmission  of  the  cell  windows  on  the  signal  will  affect 
both  calibration  and  field  use  equally  and  so  be  cancelled.  The  cali- 
bration gas  must  be  introduced  into  the  cell  in  the  proper  concentration 
and  pressurized  to  one  atmosphere  with  nitrogen  to  cause  realistic 
spectral  line  profiles. 

Calibration  with  a gas  cell  is  valid  because,  within  the  limits 
of  these  instruments,  the  modulation  (signal)  is  proportional  to  the 

product  of  concentration  and  path  length.  The  units  for  this  quantity  are 

•8 

centimeter-atmospheres.  It  is  numerically  equal  to  ppm  x 10  x path 
length.  For  example,  10  ppm  in  a 50  cm  cell  through  which  the  beam 
passes  twice  would  be 

10  x 10~6  x 50  x 2 = IQ"**  cm  atm 
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The  resulting  signal  would  be  constant  for  any  comb  in  ion  of  ppm  and 
- 3 

range  equaling  10  cm -atm. 

The  calibration  thus  gives  the  total  specific  pollutant  gas  in  the 
optical  path  in  units  of  cm-atm.  If  uniform  spatial  distribution  is 
assumed,  the  average  concentration  is  obtained  by  dividing  cm-atm  by 
the  optical  path  length. 

Because  of  the  uncertain  path  length  due  to  scattering  by  atmos- 
pheric aerosols,  the  use  of  instruments  operating  at  ultraviolet  wave- 
lengths may  be  limited  in  an  airport  environment  to  short  range  operation. 
Analysis  of  calibration  accuracy  in  the  presence  of  significant  scattering 
is  a very  complex  problem  and  depends  on  parameters  values  of  the 
particular  aerosol  environment  which  are  generally  not  known. 
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7.  3. 10  Passive  Downward- Looking  Monitor  Using  Gas 
Filter  Correlation  Receiver 

This  monitor  was  not  found  acceptable  in  the  Selection  and 
Ranking,  Section  6.  2.  2. 1.  The  Data  Validation  section  is  included 
here  because  the  discussion  is  pertinent  to  passive  systems  in  general, 

i 

in  particular  to  the  passive  upward- looking  systems  of  Section  7.  4. 

7.  3.  10. 1 Principle  of  Operation 

Gas  filter  correlation  is  a method  of  determining  the  con- 
centration of  pollutant  gas  species  by  measuring  the  correlation  between 
the  unknown  atmospheric  spectrum  and  the  spectrum  of  a known  sample 
of  the  specific  pollutant  gas  which  is  contained  in  the  instrument.  The 
spectra  of  other  gases  have  near  zero  correlation  with  the  spectrum  of 
this  particular  species  and  so  are  intrinsically  discriminated  against. 

The  radiant  source  is  broadband  and  the  receiver  is  non- 
dispersive.  The  radiant  energy  received  from  the  source  is  passed 
alternately  through  the  sample  of  the  particular  species  and  through  a 
neutral  absorber  having  the  same  total  transmission  as  the  gas  sample. 
Radiation  is  absorbed  in  the  gas  cell  only  at  those  specific  spectral  line 
wavelengths  which  are  characteristic  of  that  gas  species;  in  the  neutral 
absorber  radiation  is  absorbed  equally  at  all  wavelengths. 

The  difference  in  the  source  energy  removed  by  the  gas  and 
the  neutral  absorber  is  the  desired  pollutant  concentration  signal.  If 
the  correlation  coefficient  between  the  spectra  of  the  standard  and  the 
unknown  is  zero  (random  spectral  line  overlap)  the  same  total  energy 
will  be  removed  from  the  beam  by  the  neutral  and  the  gaseous  absorbers 
and  no  net  signal  results.  If  the  correlation  coefficient  between  the 
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spectra  is  plus  unity  (exact  spectral  line  overlap)  a signal  will  result. 
Little  change  will  be  observed  in  the  source  energy  when  transmitted 
through  the  gas  cell  because  the  exact  wavelengths  at  which  energy  is 
selectively  attenuated  by  the  gas  cell  have  already  been  attenuated  by 
the  pollutant,  but  the  neutral  absorber  will  attenuate  the  source  energy 
non-selectively,  resulting  in  a difference  signal  proportional  only  to 
the  specific  pollutant's  absorption.  This  signal  is  related  by  calibration 
to  the  average  concentration  of  the  specific  pollutant  over  the  path  between 
the  source  and  receiver. 

7.3.10.2  System  Description 

A passive,  down-looking  system  uses  the  naturally  occurring 
infrared  radiation  of  the  ground  or  other  terrain  as  the  source  of 
radiant  energy.  The  receiver/detector  is  mounted  in  an  aircraft  and 
examines  the  source  radiation  after  its  absorption  by  the  intervening 
atmosphere. 

The  integrated  vertical  column  concentration  of  the  pollutant 
species  is  measured  instead  of  the  horizontal  concentration  as  did  the 
previously  described  long-path  bistatic  systems. 

Such  a system  can  quickly  provide  pollutant  vertical  column 
concentrations  over  a large  grid  defined  by  the  aircraft  flight  pattern. 

Schematic  and  detail  drawings  of  a typical  airborne  instrument 
are  shown  in  Figures  7. 3. 10-1  and  7.  3.  10-2.  Figure  7. 3. 10-3  is  a 
photograph  of  this  instrument. 

7.3.10.3  System  Parameters 

Source 

Because  the  terrain  beneath  the  airborne  instrument  is  the 
radiant  source  it  is  not  under  control  of  the  experimenter  but  varies 

with  the  temperature  and  emissivity  existing  at  the  time  and  location 
at  which  data  are  required. 
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Legend: 


I,  1'  Front  window  of  external  calibration  cell 

2 Gas  in  external  calibration  cell 

3,3'  Rear  window  of  external  calibration  cell 

4,  4'  Front  window  of  internal  calibration  cell 
5 Gas  in  internal  calibration  cell 

6,  6'  Rear  window  of  internal  calibration  cell 

7,  7'  Chopper  mirrors 

8'  Aperture 

9,  9'  Lens,  serving  as  front  window  of  gas  cell 
10  Gas  in  cell 

II,  11'  Rear  windows  of  gas  cell 

12  Field  lens 

13  Window 

14  Filter 

15  Window  of  encapsulated  detector 

16  Detector 

17  Window  in  front  of  calibration  blackbody 

18  Calibration  blackbody  at  temperature  T 


Figure  7.3.  10-1.  Schematic  of  the  GFC  Instrument. 
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Figure  7.3.  10-3.  Photograph  of  GFC  Instrument  in  Aircraft  Bay. 
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Blackbody  source  spectral  radiance  curves  are  shown  in 
Figure  7.3. 10-4  for  temperatures  of  0°C,  20°  C and  40° C.  However, 
the  actual  terrain  radiance  will  be  less  than  this  due  to  the  emissivity 
of  the  particular  surface.  Typical  values  of  emissivity  are  shown 
below  and  in  Figure  7. 3.  10-5. 


Table  7.3.  10-1.  Reflectance  (p)  and  Emissivity  (e) 

of  Common  Terrain  Features  (Ref.  269). 


0.7-1.0p 

1. 8-2.7  p 

3-5  p 

8-13  p 

Green  Mountain  Laurel 

p = 0.44 

e = 0.84 

e — 0.90 

e = 0 92 

Young  Willow  Leaf  (dry,  top) 

0.46 

0.82 

0.94 

0.96 

Holly  Leaf  (dry,  top) 

0.44 

0.72 

0.90 

0.90 

Holly  I-eaf  (dry,  bottom) 

0.42 

0.64 

0.8G 

0.94 

Tressed  Dormant  Maple  Leaf  (dry,  top) 

0.53 

0 58 

0.87 

0.92 

Green  loaf  Winter  Color  — Oak  Leafidry,  top) 

0.43 

0.67 

0.90 

0.92 

Green  Coniferous  Twigs  (Jack  Tine) 

0.30 

0.86 

0.96 

0 97 

Grass  — Meadow  Fescue  (dry) 

0.41 

0.G2 

0 82 

0.88 

Sand  — Hainamanu  Sill  Loam  - Hawaii 

0.15 

0.82 

084 

0.94 

Sand -Barnes  Fine  Silt  loam -So.  Dakota 

0.21 

0 58 

0 78 

0.93 

Sand  Gooah  Fine  Silt  Loam- Oregon 

0.39 

n.54 

0.80 

0 98 

Sand  — Vcreiniging  — A'riea 

0.43 

0.56 

0 82 

0 94 

Sand  Maury  Silt  Loam  Tennessee 

0.43 

0 56 

0.74 

0 95 

Sami  — Dublin  Clay  Lunin  — California 

0.42 

0.54 

0.88 

C.97 

Sand  - Pullman  Loam  — New  Mexico 

0.37 

0.62 

0.78 

0.93 

Sand -Grady  Silt  Loam -Georgia 

0 1 1 

0.58 

0.85 

0.94 

Sand-Colts  Neck  loam  — New  Jersey 

0.28 

067 

o.so 

0.94 

Sand  — Mesitu  Negra— lower  test  site 

0.38 

0 70 

0.75 

0.92 

Bark  - Norl  hern  Red  Oak 

0.23 

0.78 

0 90 

0 96 

Bark -Northern  American  Jack  Pine 

0.18 

0.69 

0 88 

0.97 

Bark -Colorado  Spruce 

0 22 

0 75 

0 87 

0.91 

Operational  Wavelengths 

The  operational  wavelength  and  wavelength  interval  used  depends 
on  the  specific  pollutant  gas  to  be  detected.  Typical  wavelengths  are: 


CO 

4.  6 pm 

so2 

4.  0 pm,  8.  7 pm 

NO 

5.  3 pm 

no2 

3.  4 pm 

Hydrocarbons 

3.  5 pm 
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Figure  7.3. 10-4.  Blackbody  Source  Spectral  Radiance. 
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Pressed  Dormant  Maple  Leaf  (Dry,  Top) 


Green  Leaf  Winter  Color  (Dry)  Top  (Oak  Leaf) 


Grass  (Dry)  (Meadow  Fescue) 


Sand  No.  113  (Maury  Stlt  Loan),  Tennessee) 


Sand  No.  115  (Dublin  Clay  loam,  California) 


Dark  (Northern  lied  Oak) 


4°  - \ 

0 L J L-Jtll— J I 1— 


1 2 3 4 5 6 7 8 9 10  11  12  13  14 

WAVELENGTH (p) 


Figure  7.3. 10-5.  Measured  Values  of  Radiant  Emissivity  and  Reflectance. 
Emissivity  = 1 - Reflectance  (Reg.  269). 


Wavelengths  for  other  gases  are  selected  on  the  basis  of 
spectral  band  parameters  and  freedom  from  interfering  species, 
especially  water  vapor.  Not  all  pollutants  are  suitable  for  GFC 
detection. 

Detectors 

Some  commercially  available  detectors,  their  operating 
temperature  and  their  regions  of  optimum  performance  are: 


PbS  (193K) 

2-3  pm 

PbSe  (193K) 

2-5  pm 

InSb  ( 77K) 

2-5  pm 

Pb(Sn,  Te)  ( 77K) 

5-10  pm 

Hg(Cd,  Te)  ( 77K) 

7-12  pm 

Characteristic  values  of  the  parameters  D*  for  these  detectors 
are  shown  in  Figure  7.3. 10-6. 

Optics 

2 

Entrance  aperture,  Aq  (cm  ) 

Entrance  solid  angle,  C1q  (steradians) 

Optical  efficiency,  (net  transmission) 

These  optical  parameters  are  chosen  by  the  designer  to  optimize 
the  system  performance. 

Electronics 

Electronic  efficiency,  rjg 

The  electronic  efficiency  is  the  reduction  in  signal-to-noise 
due  to  the  data  processing.  It  may  be  appreciably  less  than  unity  even 
for  a detector -noise-limited  system. 
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Electronic  bandpass,  Af 

Generally  Af  = l/4t  where  t is  the  0-63%  time  constant  of 
the  system  readout;  however,  this  can  vary  with  electronics  design. 

7.3.10.4  Theoretical  Performance  Prediction 

Based  upon  known  or  assumed  system  parameters,  an  approxi- 
mate performance  prediction  can  be  made.  The  accuracy  of  these  calcu- 
lated results  will  be  dependent  on  the  accuracies  of  the  parameter  values 
used  and  on  the  degree  to  which  the  system  design  conforms  to  the 
assumed  theoretical  mode. 

From  Appendix  VII,  the  signal -to-noise  ratio  for  a gas  filter 
correlation  system  is: 

SNR  = P/dP  . 

The  numerator,  P , contains  the  source  function,  the  modulation  function 
and  instrument  optical  performance  terms.  The  denominator  dP  is  the 
instrument  performance  limitation  assuming  optimized  detector-noise- 
limited  operation. 

For  an  airborne  instrument  an  exact  expression  for  the  source 
function  must  include  contributions  from  reflected  sunlight,  terrain 
emission  and  atmospheric  emission.  These  are  multiplied  by  the  trans- 
mission of  the  atmosphere  and  are  integrated  over  both  altitude  and 
wavelength  to  determine  the  exact  radiant  energy  arriving  at  the 
instrument. 

The  following  equation  illustrates  the  exact  solution  for  a single 


wavelength.  In  use,  it  must  also  be  integrated  with  respect  to  wavelength 
over  the  wavelength  interval  of  the  instrument. 
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o h 

E(X)  = p(X)  N(Tg,  X)  J -T^-~  dZ  f --T^  Z-}  dZ 
SUN  o 

h 

+ €G(X)N°(TG,X)  /fiXSjfSdZ 
o 

h 

+ /«  N°(T(Z),  X]dZ 
o 

where  p(X)  is  the  reflectivity  of  the  earth's  surface,  r'(X)  is  the 
atmospheric  transmission  from  the  sun  to  the  surface,  t(X)  is  the 
atmospheric  transmission  from  the  surface  to  the  aircraft  at  altitude  h, 
T0  is  the  sun's  temperature,  c_(X)  is  the  surface  emissivity,  is 
the  surface  temperature,  T(Z)  is  the  atmospheric  temperature  at 
height  Z.  The  transmissivity  is  given  by 

- h 

t(X,  Z)  = exp  - / Zk.U.Z'K^ZOp^Z'MZ' 

. z 1 

where  k.(X,  Z)  is  the  monochromatic  absorption  coefficient  of  species  i 
at  altitude  Z,  C^Z)  is  the  concentration  of  species  i at  altitude  Z,  and 
Pt(Z)  is  the  total  pressure  at  altitude  Z. 

The  expressions  can  be  simplified  if  several  reasonable 
limitations  are  placed  on  the  measurement  parameters. 

The  first  term  in  the  above  expression  is  due  to  reflected  sun- 
light. This  can  be  neglected  if  measurements  can  be  constrained  to  the 
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longer  wavelengths  for  which  the  sunlight  term  is  small  compared  to 
the  terrain  radiance.  It  can  be  seen  from  Figure  7.  3.  10-7  that  for 
p = 0. 2.  e = 1 - p = 0.  8 the  sunlight  term  is  down  by  a factor  of  50  or 
greater  at  wavelengths  longer  than  3.  6 pm.  Alternately,  the  flights 
can  be  scheduled  when  the  sun  is  not  visible. 

If  the  instrument  flight  altitude  is  limited  to  a value  such 
that  the  atmosphere  can  be  considered  to  be  single  layer  having  uniform 
average  temperature  and  pollutant  concentration  the  source  expression 
is  further  simplified  to 

E(X)  = [>g(A)N  (Tg,X)  - N (Tatm.X)]tatm(X)  + N (TATM,X)  . 

The  last  term  here  is  not  a function  of  atmospheric  (pollutant)  trans- 
mission and  so  creates  a spurious  output.  This  spurious  output  is 
slightly  sensitive  to  atmospheric  temperature  and  can  be  removed 
by  zero  adjustment  of  the  instrument. 

The  equation  SNR  = P/dP  can  now  be  expanded: 

P = Icgn“(X,  T)  - N°  TM(X,  T)]AXAononoM 

dP  = NEP/t)e  . (A(/4lc)  /fag0*) 

and 

Terrain  emissivity.  See  Table  7.3. 10-1  and 
Figure  7.  3.  10-5. 

Units:  none 

Terrain  and  atmosphere,  respectively;  black- 
body  spectral  radiance.  See  Figure  7. 3. 10-4. 
Units:  watts/cm^  micron-steradian 


eG  " 

NG’  natm  = 
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WAVELENGTH  (fim) 

Figure  7.3. 10-7.  Upwelling  Radiation  at  the  Top  of  the  Atmosphere. 

Contributions  from  reflected  sun  radiation  Er(u>), 
atmospheric  E<p(u))  and  E<pR(u;),  and  thermal 
radiation  Eg(^)«  Ground  temperature  - 300°K, 
sun  zenith  angle  = 45°  (Ref.  270). 
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AX  = Wavelength  interval  defined  by  the  optical  filter. 
Units:  microns 

A = Area  of  entrance  optics. 

° 2 

Units : cm 

= Solid  angle  of  field  of  view. 

Units:  ste radians 

A.  = Area  of  detector. 

d 2 

Units:  cm 

If  not  known,  may  be  approximated  by  1.  59 

* 

= Optical  efficiency.  Use  0.  1 unless  otherwise  known. 
Units : none 

tc  = System  time  constant,  0 - 63%  response. 

Units:  seconds 

rje  = Data  processing  efficiency.  Use  0. 3*unless 
otherwise  known. 

Units : none 

D*  = Detector  specific  detectivity.  Use  value  from 
Figure  7. 3.  10-6  unless  otherwise  known. 

Units:  cm  Hz^/watt 

NEP  = Noise-equivalent  power. 

Units : watts 

When  quoted  in  system  specification,  NEP  may 
have  units  of  watts/Hz^;  if  so,  divide  given  value 
by  >/4tc  before  using. 

♦typical  values  of  a well -designed  instrument. 
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M = Modulation  factor.  Exact  calculation  requires 
knowledge  of  molecular  spectral  band  fine 
structure  parameters.  For  low  concentrations 
assume: 

M ^ KcR 

where  K = Empirically  determined  constant.  Unless  other- 
wise known,  use  1.  0 or  0.  l/Rc;  whichever  is 
smaller. 

Units:  cm-* 

c = Fractional  concentration  of  pollutant  in  atmos- 

— fi 

phere  being  monitored,  i.  e. , ppm  x 10  . 

R = Optical  path  length  in  atmosphere  being 
monitored. 

Units : cm 

Calculation  Procedure: 

Because  c (concentration),  R (range)  and  t (time  constant) 
are  often  field  variables,  it  is  convenient  to  calculate  SNR  = (constant)  x 
(cR/t  ) so  that  the  comparative  effect  of  these  variables  on  SNR  is 
easily  determined. 

SNR  = G(cRVt) 

where: 

0 ■ 2('gNG  - NlTM»4iAoV=”eD*K/^ 

2 

Aq  = Area  of  entrance  optics,  cm 
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= Solid  angle  of  field  of  view;  approximately  (d/R)  , 

where  d = width  of  field  of  view  from  R altitude. 

For  example,  if  50  meter  (=  d)  field  of  view  at 

1000  meters  (=  R)  altitude,  Q = 0.  0025  steradians. 

o 

If  the  field  of  view  is  expressed  as  an  angle,  B , 

2 

the  formula  is  v sin  (B/2);  e.g. , if  B = 5°, 

U = 0.  006  steradians. 
o 

If  actual  values  are  not  known  for  the  remaining  variables  the  following 
values  may  be  assumed: 

( : assume  Table  7.3.  10-1,  Figure  7.3.  10-5,  or  0.8 

CjT 

N°;  assume  Figure  7.3.  10-4  using  20°  C 

Lr 

N°  ; assume  Figure  7.3.  10-4  and  from  20°C 
‘ subtract  3°  for  each  1000  meters  flight  altitude 

Ak;  assume  0. 1 

A assume  1.  59  A fl 
d oo 

T)  ; assume  0. 1 
'o 

7i  : assume  0.  3 
e 

D*:  assume  Figure  7.3.10-6 
k:  assume  1.  0 or  0.  1/RC,  whichever  is  smaller 
Known  values  are  always  to  be  preferred  over  these  typical  values. 
Analytical  Determination  of  SNR 


Step  1: 


Calculate  G from  above  formula  using  known  or 
assumed  parameter  values. 


Step  2: 


To  calculate  SNR  given  c,  R,  t: 


SNR  = G cR/i 
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7.3.  10.  4h 


Step  3:  To  calculate  c given  SNR,  R,  r: 

c(ppm  x 10"6)  = SNR/G  RVt 


Graphical  Determination  of  SNR 

The  formula  SNR  = G(cRVt)  can  be  written  SNR  = (F)(U)(V)(cRVt) 
for  which 

F ° (<gng  ■ natmiaa 
V = (Aoao/VA") 

“ 2VeD*K 


Step  1: 


Calculate:  F 
Assume:  = 1.  0 

Cz 

AX  = 0.  1 //m 

Flight  altitude  = 1000  m,  2000  m,  3000  m 
Known  ground  temperature 
Known  altitude  of  inversion  layer 
Known  wavelength 

Result:  Plots  in  Figures  7.  3.  10-8a  through 

7.  3.  10-8h  give  F as  a function  of  ground 
temperature  and  flight  altitude.  Do  not 
choose  an  altitude  higher  than  the  inversion 
layer. 


Curve  (a) 

(b) 

(c) 

(d) 

(e) 

(f) 
is) 
(h) 


Wavelength  = 3 p,m 
Wavelength  = 4 fjjn 
Wavelength  = 5 fxm 
Wavelength  = C fim 
Wavelength  = 7 
Wavelength  = 8 pm 
Wavelength  = 9 pm 
Wavelength  = 10  fim 
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7.3.  10.4o 


Figure  7.3.  10-8g.  9 ym  Wavelength.  Graphical  SNR  Analysis  - Step  1. 


HSHIHII 


Mumiiiiiuiiini 

■Ml  HU  HIM  MM  I 


hllli  Hill  Hill  Hill  Hill 
i lira  mu  itm  mu  iii  ii 


;iiii:n;»8:ssssss! 


Figure  7.  3.  10- 8h.  10  ;;m  Wavelength.  Graphical  SNR  Analysis 


7.3. 10.  4q 


Step  2: 


Step  3: 


Step  4: 


Step  5: 


Calculate:  (F)(R) 

Assume:  Value  of  F from  Figure  7.3.10-8 
R = flight  altitude  (meters) 

Result:  Plot  in  Figure  7.3.  10-9  gives  FR  as 
a function  of  F and  altitude. 

Calculate:  U 

Assume:  The  instrument  design  has  been 

optimized  so  that  Ad  can  be  approxi- 
mated as  1.  59  A O . 

o o 

Known  aperture  diameter 
Known  field  of  view  (degrees) 

Result:  Plots  in  Figure  7.3. 10-10  give  U as 
a function  of  aperture  and  field  of  view. 

Calculate:  V 

Assume:  n = 0.  1 
'o 

r)  =0.3 

'p 

K = 1.  0 

D*  = from  Figure  7.3.  10-6 
Result:  Plot  in  Figure  7.3.  10-11  gives  V as 
a function  of  D*. 

Calculate:  (FR)(U)(V) 

Assume:  FR  from  Step  2 
U from  Step  3 
V from  Step  4 

Result:  (a)  Plot  in  Figure  7.3.  10-12  gives  (U)(V) 
as  a function  of  U and  V. 

(b)  Enter  this  value  of  UV  on  Figure  7.3.  10-13. 

Plot  gives  (FR)(U)(V)  as  a function  of  FR  and  UV. 

g 

Values  of  FRUV  greater  than  10  should  not  be 
considered  useful  due  to  interference  from  other 
species. 
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7.  3.  10.  4w 
7.  3. 10.  6a 

Step  6:  Calculate:  (FRUV)VF 

Assume:  t (time  constant)  known 
(FRUV)  from  Step  5 

Result:  Plot  in  Figure  7.3. 10-14  gives  (FRUV)Vt 

as  a function  of  FRUV  and  the  time  constant. 

Step  7:  Calculate:  SNR  = (FRUV  Vt)c 

Assume:  FRUVvT  from  Step  6 

Various  values  of  time  constant 
Result:  Plots  in  Figure  7.  3. 10-15  give  resulting 
signal-to-noise  ratio  for  various  values  of 
pollutant  concentration. 

7. 3. 10.  5 Special  Performance  Requirements 

The  non-special  requirements  were  discussed  in  Section  7. 1, 
Procedures  Applicable  to  All  Remote  Sensors. 

In  addition,  the  user  should  be  cautioned  about  proceeding  when 
low  signal-to-noise  ratios  are  expected,  as  peak  random  noise  is  typically 
a factor  of  five  higher  than  the  rms  value  commonly  quoted. 

7.3.10.6  Data  Analysis  Procedure 

Analysis  is  usually  performed  by  comparing  the  experimental 
data  with  an  empirically  determined  calibration  curve;  theoretical  cali- 
bration requires  computer  analysis  of  the  molecular  spectral  band  fine 
structure  parameters. 

A calibration  curve  is  obtained  experimentally  by  inserting  a 
calibration  cell  into  the  optical  path  (see  Figure  7.3. 10-1)  using  a black- 
body  background  and  charging  the  cell  with  known  concentrations  of  the 
pollutant  gas.  The  temperatures  of  the  gas  (representing  the  atmosphere) 
and  the  blackbody  background  (representing  the  earth)  are  recorded  and 
converted  to  units  of  radiance. 

i 

L 
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FRUV/r 


FRUV  (from  Figure  7.3. 10-13) 


Figure  7.  3. 10-14.  Graphical  SNR  Analysis  - Step  6. 
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7. 3. 10. 6c 


Pollutant  Concentration 
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7.3. 10. 6d 


The  calibration  gas  nust  be  introduced  into  the  cell  in  the  proper 
concentration  and  pressurized  to  one  atmosphere  total  pressure  with 
nitrogen  to  cause  realistic  spectral  line  profiles. 

Calibration  with  a gas  cell  is  valid  because,  within  the  limits 

of  these  instruments,  the  modulation  (signal)  is  proportional  to  the 

product  of  concentration  and  path  length.  The  units  for  this  quantity  are 

“6 

centimeter-atmospheres.  It  is  numerically  equal  to  ppm  x 10  x path 
length.  For  example,  10  ppm  in  a 50  cm  cell  through  which  the  beam 
passes  twice  would  be 

10  x 10”®  x 50  x 2 = 10  3 cm  atm 

The  resulting  signal  would  be  constant  for  any  combination  of  ppm  and 
range  equaling  10~3  cm  atm. 

Y 

The  calibration  thus  gives  the  total  specific  pollutant  gas  in  the 
optical  path  in  units  of  cm-atm.  If  uniform  spatial  distribution  is 
assumed,  the  average  concentration  is  obtained  by  dividing  cm-atm  by 
the  optical  path  length. 

A set  of  data  results  in  which  the  variables  are  the  total 
pollutant  gas  and  the  radiance  difference  the  atmosphere  and  ground. 

The  product  of  these  variables  (total  pollutant  gas  x radiance  difference) 
plotted  against  signal  yields  a single  calibration  curve.  In  use,  flight 
altitude,  ground  temperature  and  emissivity,  and  mean  atmospheric 
temperature  must  be  known.  The  mean  atmospheric  temperature  is 
preferably  obtained  from  radiosonde  probe. 

I 
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7.4 

7.  4. 1.1a 

7. 4 Remote  Monitors  Providing  Line  Integral  Data 

In  Section  6. 2. 2.  2,  Selection  and  Ranking,  none  of  the  Line  Integral 
Monitors  was  judged  sufficiently  developed  to  be  ranked  acceptable  at  this  time 
for  Air  Enforcement  Monitoring.  However,  the  two  uplooking  monitors  presented 
here,  especially  the  one  using  a gas  filter  correlation  receiver,  are  very  promising 
for  future  selection.  An  uplooking  monitor,  mounted  in  a truck  or  van  driven  around 
the  airport  boundary  will  measure  the  vertical  burden  in  a closed  loop.  From  the 
data  together  with  wind  velocity  and  path  geometry,  the  pollutant  mass  emission 
rr.te  may  be  determined  for  the  entire  airport  as  a source. 

Note:  Since  these  monitors  are  developmental,  the  Performance  Predictions 
and  Data  Analysis  Procedures  are  necessarily  brief  and  are  not  presented  in  the  de- 
tail provided  for  previous  instruments. 

7.4.1  Infrared  Spectrometer  (Tunable  Receiver)  Uplooking  Monitor 

7. 4. 1. 1 Principle  of  Operation 

An  upward  looking  spectrometer  may  be  used  as  a passive  device  to  mea- 
sure the  vertical  burden  (ppm-m)  of  a pollutant  in  the  infrared,  (4  - 10  um),  if  its 
sensitivity  and  spectral  resolution  is  sufficient  to  "isolate"  the  spectral  radiance 
emitted  by  the  pollutant  from  that  emitted  by  other  atmospheric  species.  Any 
pollutants  in  this  spectral  region  for  which  sensitivity  and  resolution  requirements 
are  met  may  be  monitored;  which  meet  these  criteria  are  not  yet  determined.  The 
radiance  is  measured  at  two  adjacent  wavelengths,  one  for  the  pollutant  emission, 
and  one  for  the  clean  atmosphere  emission.  The  difference  of  these  radiances, 
together  with  knowledge  of  the  atmospheric  temperature,  is  used  to  estimate  the 
vertical  burden  of  the  pollutant. 
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7.  4. 1.  2a 
7.  4. 1.  2b 

7.  4. 1.  2 System  Description 

The  system  consists  typically  of  a collecting  telescope,  a spectro- 
meter, including  a moveable  grating  to  vary  the  wavelength  of  the  radiation 
leaving  the  exit  slit,  and  a detector  system.  A calibration  source  may  be 
built  into  the  spectrometer,  or  it  may  be  externally  viewed  by  the  telescope. 
A schematic  of  a scanning  spectrometer  system  is  shown  in  Figure  7.  4. 1-1. 


7.  4.  1.  3 


7.  4. 1.  3 System  Parameters 
Availability 

No  tunable  receivers  appear  to  be  currently  used  in  the  passive 

(271) 

upward  mode,  although  General  Dynamics  Convair  developed  a scanning 
spectrometer  system  some  years  ago. 

Operational  Wavelength  Region 

Window  regions  in  4 - 10  pm. 

Detector 

Commercially  available  detectors  with  highest  D*  at  77K  are 
4 pm  Indium  Antimonide,  77K,  D*  — 5 x lO1^  cm  Hz^w~\  size  0. 1 to  3 
diameter. 

10  pm  Lead  Tin  Tellutide,  77K,  D*  ~ 5 x 10^  cm  Hz^^w"*,  size  0.  05  to 


square. 


Optics 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 


Aand<=  W 


These  parameters  are  variables  which  must  be  chosen  to  fulfill  the  operational 
requirements. 

Electronic  Bandpass 

Af  « — 

4t 

c 

where  t is  the  integration  time, 
c 


mm 

2 mm 
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7.  4. 1.  4a 


7.  4. 1.  4 Theoretical  Performance  Prediction 

Based  on  the  selected  system  parameter,  the  performance  can  be 
predicted  for  a detector-noise-limited  system.  The  signal  to  noise  ratio 
for  the  system  is  given  by 


SNR 


T?AonoAX[Nx1  -nx2] 

•/T  NEP 

/Aono  DX  AX  fNM  - n*21 

"V  2 Af  f/ no 


where  f/no*,  (p^)-1/2  , 0Q  153  0.  17  A\/X  for  spectrometers  , 

is  the  radiance  at  the  wavelength  where  a pollutant  line  is  located 

and  N.  is  the  radiance  between  absorption  lines. 

2 

This  may  be  re-written  as 

\ 1/2 

SNR 

where  r is  transmissivity  of  "clean"  atmosphere,  e is  the  emissivity  of 
the  pollutant  layer,  and  N (X,  T)  is  the  atmospheric  blackbody  radiance. 

Thus  the  SNR  of  a given  instrument  depends  on  the  state  of  the  atmos- 
phere, i.  e. , the  amount  of  water  vapor  and  aerosol  (these  determine  r ),  and 
the  atmospheric  temperature,  and  the  amount  of  pollutant. 


D*AXTcc  N°  ( A,T) 
f/no 


f 
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7.  4.  1.  4b 


To  compute  SNR: 

Step  1.  From  instrument  parameters  calculate  the  parameter  (IP) 


Typical  values  might  be 


H=  0. 01 

2 

= 78.  5 cm 

0 -5 

= 6.  8 x 10  ° sr 

A,f  = 4. 17  x 10"  ^Hz  (60  sec  time  constant) 

D*  = 5 x 1010W_1Hz1>/2  cm 
AX  = 0.  005  am 
f/no  = 5 

Hence  (IP)  = 4.  00  x 10  for  this  example. 

Step  2:  Determine  the  atmospheric  transmission  tc  , This  should  be 
performed  by  computer  program,  if  available,  using  known  or  assumed  values 
of  the  atmospheric  structure  parameters.  This  will  probably  not  be  possible, 
and  the  typical  value 

t = 0.9 

c 

may  be  assumed. 


Step  3:  Measure  or  estimate  atmospheric  temperature.  Determine  N° 
from  Figure  7.  4. 1-4. 


7.  4. 1.  4c 


Step  4:  Calculate  c for  pollutant  thickness  (ppm-m). 

thickness  of  pollutant  layer. 


1 - physical 


€ 

P 


= 1 - e 


'kCt1 


-1  -1  -4 

= 1 - e~k^cm  atm  ^Cptl  x 10 

_4 

in  which  the  10  factor  converts  ppm-m  to  cm -atm.  The  variation  of  SNR  with 
cp  as  a function  of  T is  given  in  Figure  7.  4. 1-2  for  two  wavelengths.  The  values 
of  SNR  may  be  scaled  for  different  instrument  parameters,  and  different  values 


Example:  Assume  the  instrument  parameters  are  as  given  in  Step  1, 
and  the  atmospheric  conditions  give  Tc  = 0.  9 and  T = 290K.  Assume  SNR  = 10  is 
required  for  minimum  sensitivity,  then  from  Figure  7.  4. 1-2  we  find  q 035  for 

10  fim. 


From  Step  4: 

-1  -1  -4 

f _ I _ g-k  (cm  atm  )Cptl  (ppm-m)  x 10 

Hence,  the  minimum  detectable  Cp^l  in  ppm-m  may  be  calculated  for  a given  k, 
and  assuming  the  mixing  thickness  1,  the  mean  layer  minimum  detectable  concen- 
tration Cpt  in  ppm  may  be  calculated: 

cpt.  (4r)  in  (I  -V-(tt)i”  <>-ep> 

The  variation  of  minimum  detectable  concentration  with  the  pollutant  layer 
thickness  as  a function  of  k,  is  given  in  Figure  7.  4. 1-3  for  the  two  wavelengths. 

Because  of  the  complexity  of  the  calculation  of  the  modulation  signal,  we 
are  restricted  here  to  describing  the  effects  of  the  instrument  parameters  on  the 
resulting  SNR.  Also,  we  are  restricted  to  the  one  pollutant  for  which  the  calcula- 
tions have  been  done  (SOg)  and  to  the  atmospheric  conditions  which  were  assumed. 
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7.4.1.  4c* 

7.  4. 1.  5 

For  instrument  parameters  other  than  those  assumed  in  Step  1,  proceed 
as  follows: 

Step5:  Calculate  the  instrument  parameter  IP  using  the  formula  in 

Step  1 and  using  actual  values  instead  of  assumed  values. 

Step  6:  Calculate 

k = IP/4.  00  x 10^ 

Step  7:  Recall  the  preliminary  value  of  SNR  obtained  in  Step  4, 

multiply  this  by  the  value  of  IP  (Step  6).  The  result  is  the  actual  value  of  SNR. 

SNR  (actual)  = (k)  SNR  (preliminary) 

Graphical  Procedure 

A graphical  procedure  is  not  presented  because  the  computational  variables 
are  limited  to  the  above  instrument  parameters. 

Until  further  conputer  calculations  are  published,  the  atmospheric  and  pol- 
lutant parameters  are  limited  to  those  presented  in  Figures  7.  4. 1-2  and  -3. 

The  reader  is  cautioned  that  this  is  a preliminary  analysis  of  a develop- 
mental instrument. 

7.  4. 1.5  Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors  were  described 
in  Section  7. 1. 1.  Special  requirements  applicable  to  particular  pollutants  are  des- 
cribed in  discussions  of  other  monitors  in  Section  7. 
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Minimum  Detectable  Pollutant  Concentration  (ppm) 


7.  4.  1.  6a 


7.  4.  1.  6 Data  Analysis  Procedure 


The  concentration  of  the  pollutant  is  related  to  the  difference  in 
instrument  output  signals  (Vj-Vg)  measured  at  X^  and  X2< 


calibration. 


and  V„  are  related  to  radiances  N and  N by 
' Xi  Xo 


instrument 


Knowing  N°(X,  T)  from  physics  handbook  or  Figure  7.  4. 1-4  and 

temperature  T,  and  knowing  rc  from  the  water  vapor  and  aerosol  content  of 

the  atmosphere,  then  the  pollutant  transmission  t = g-kCp^l  is  calculated  from: 

P 


N,  -N  = N°(x,  T) 

X1  X2 

= N°(X,T)Tc(l-rp) 

N - N, 

Tp  = 1 - X1  X2 
N°(X,T)rc 

It  should  be  noted  that  these  calculations  neglect  the  small  contribu- 
tion from  scattered  solar  radiation  in  the  4 pm  region,  in  daytime  operation. 
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7.  4.  2 
7.  4.  2.  2a 


i 


7.  4.  2 Infrared  Gas  Filter  Correlation  Uplooking  Monitor 

7.  4.  2. 1 Principle  of  Operation 

The  measurement  principle  of  the  gas  filter  correlation  (GFC) 
instrument  is  used  to  obtain  the  vertical  burden  (ppm-m)  of  sulfur  dioxide, 
carbon  monoxide  and  methane.  If  the  vertical  burden  is  measured  in  a 
closed  loop  around  a source  and  the  wind  velocity  is  measured,  the  pollutant 
mass  emission  rate  (e.  g.  g sec;  of  the  source  may  be  determined.  The 
GFC,  a passive  device,  is  pointed  upward  and  detects  the  thermal  emission 
of  the  atmosphere  (there  is  a small  component  of  scattered  solar  radiation 
in  daytime  operation).  This  radiation  is  passed  through  a split  cell 
(vacuum  and  a sample  of  gas  being  measured);  the  presence  of  the  gas  in 
the  atmosphere  is  ideally  indicated  by  a non- zero  output  from  a detector 
which  alternately  views  the  atmosphere  through  the  vacuum  and  gas  cells. 
Sulfer  dioxide  is  measured  at  4 pm,  carbon  monoxide  at  4.  6 pm,  and 
methane  at  3.  2 pm. 

7.  4.  2.  2 System  Description 


A schematic  of  the  optical  layout  of  the  SAI  GFC  instrument  for  SO„, 

(177)  z 

being  developed  for  EPA'  is  shown  in  Fig.  7.  4.  2-1.  It  basically  consists 

of  an  f/1  lens  that  focuses  the  incoming  radiation  onto  a detector.  A narrow 
bandpass  optical  filter  confines  the  spectral  response  to  the  pollutant  emission 
band.  A high  frequency  chopper  (fj)  is  used  to  reduce  1/f  noise.  The  gas 
cell,  filled  with  SOg  (TG}’  and  a reference  aperture  (T^)  rotate  in  and  out  of 
the  field  of  view  at  frequency  f2 . The  mirror  is  operated  (on  command  or  con- 
tinuously) by  a stepping  motor  to  permit  successive  viewing  of  the  incoming  ra- 


diation, reference  source  1,  or  reference  source  2.  The  reference  sources  are 
used  to  conti nou sly  update  the  balance  of  the  instrument. 
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7.  4.  2.  3 
7.  4.  2.  4a 


1 


7.  4.  2.  3 System  Parameters 
Availability 

The  gas  filter  correlation  instrument  is  made  by  a few  companies,  but 
only  EPA  appears  to  be  currently  using  it  in  the  upward  looking  mode. 

Operational  Wavelength  Region 

SOg  4 pm  0.  1 /im  bandwidth 
CO  4.  6 pm  0. lpm  bandwidth 

CH^  3.  2 pm  0.  1 pm  bandwidth 

Detector 

Commercially  available  detector  with  highest  D*  are 
4 and  4.  6 pm:  Indium  Antimonide,  77K,  D*~5xl010cm  Hz^/w,  size  0.  1 to 
3 mm  diameter 

3.2  pm:  Lead  Sulphide,  77K,  D^~lxl0^cm  Hz^^Vw,  size  . 01  to  40  mm  square 
Opt  ins 

Collecting  Aperture 
Solid  Angle 
Optical  Efficiency 
Detector  Optics 

These  optical  parameters  are  variables  which  must  be  chosen  to  fulfill  the 
operational  requirements. 

7.  4.  2.  4 Theoretical  Performance  Prediction 

The  simplified  calculations  using  radiances  integrated  over  narrow 
spectral  bandpasses,  as  done  in  Section  7.  4. 1.  4,  cannot  be  utilized  here 


^opt 

A.n.(=A  n ) 
d d oo 


f 
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7.  4.  2.  4b 


because  the  GFC  instrument  is  based  on  correlation  of  the  rotational  structure 
in  a rotation- vibration  band.  Thus  the  calculations  have  to  be  performed  on 
a line-by-line  basis  using  a large  computer. 

The  signal  to  noise  ratio  for  a detector- noise- limited  GFC  system 
is  given  by 


SNR 


V 


WTO‘ 

/W 


where  AV  is  the  GFC  signal: 
4V  = N°(A,  T)AXM 


where  M is  the  modulation  term  which  depends  on  the  correlation  of  the 
rotational  spectral  structure. 


These  calculations  have  been  done^0^  for  one  pollutant,  SOg,  at  two 
wavelengths  i and  8.  6 pm.  The  results  of  these  calculations  are  given  in 
Fig.  7.  4.  2-1  and  may  be  compared  to  those  for  the  tunable  receiver  (Fig. 

7.  4. 1-3),  showing  the  superior  performance  of  the  GFC.  It  is  seen  that  the 
long  wavelength  region  is  more  sensitive  than  the  short  wavelength  region,  and 
is  also  less  in  fluenced  by  the  atmospheric  temperature.  However,  the  humidity 
and  its  distribution  through  the  mixing  layer  introduce  a large  uncertainty 
at  the  long  wavelength  region.  The  following  instrument  parameters  were 
used  in  the  GFC  calculations: 


2 

A , = 0.  23  cm 

® -3 

Af  = 4. 17  x 10  Hz  (60  sec  time  constant) 

D*(4pm)  = 3 x lO^W’^Hz^^cm 

D*(8pm)  = 10^W"*Hz*^cm 

2 

An  =0.  143  cm  sr 
o o 
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7.  4.  2. 4b(a) 


Calculation  Procedure 

Because  of  the  complexity  (as  explained  above)  of  the  calculation  of  the 
AV  signal,  we  are  restricted  here  to  describing  the  effects  of  the  instrument 
parameters  on  the  resulting  SNR.  Also,  we  are  restricted  to  the  one  pollutant, 
SOg,  and  to  the  atmospheric  conditions  which  were  assumed  in  the  above  calcu- 
lation. 

Analytical  Procedure 

Step  1:  Using  known  or  typical  values  of  the  proposed  instrument, 

calculate 


Vr 


The  typical  values  used  in  the  above-referenced  calculation  (i.  e. , 

T)  = 0. 01 

A . = 0. 23.  cm^ 

Af  = 4. 17  x 10  °Hz  (=  1/4  tc) 

D*  (4  pm)  = 3 x lO^w'^Hz^cm 
D*  (8  pm)  = 1010w-1Hz^ 

^o  o = 0. 143  cm^  sr) 
can  be  used  if  actual  values  are  not  available. 

Step  2:  Using  the  value  of  G calculated  in  Step  1,  calculate 

k (4pm)  = 1.  39  x 10l0/G 
k (8pm)  = 4.  62  x 109/G 


7.  4.  2.  4b(b) 


Step  3:  From  Figure  7.  4.  2-1,  determine  the  "Minimum  Detectable 

SOg  Concentration" . (SNR  = 10) 

Graphical  Procedure 

A graphical  procedure  is  not  presented  because  the  computational  variables 
are  limited  to  the  above  instrument  parameters. 

Until  further  computer  calculations  are  published,  the  atmospheric  and 
pollutant  parameters  are  limited  to  the  ranges  presented  on  Figure  7.  4.  2-1. 

The  reader  is  cautioned  that  this  is  a preliminary  analysis  of  a develop- 
mental instrument. 
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7.  4.  2.  5 
7.  4.  2.  6 a 


7.  4.  2.  5 Special  Performance  Requirements 

The  general  requirements  applicable  to  all  remote  monitors  were 
described  in  Section  7. 1. 1.  Special  requirements  applicable  to  particular 
pollutants  are  described  in  discussions  of  other  monitors  in  Section  7. 

7.  4.  2.  6 Data  Analysis  Procedures 

The  concentration  of  the  pollutant  is  related  to  the  output  signal 
(AV)  of  the  GFC  instrument  directly  by  laboratory  and/or  field  calibrations. 
Typical  calibration  curves  are  shown  in  Fig.  7.  4.  2-3.  The  atmospheric 
temperature  and  layer  thickness  must  be  known  to  estimate  the  mean 
concentration  of  the  pollutant. 
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1000 


00 

Optical  Thickness,  ppm-m 

as  a Function  of  SOg  Loading  at 
'hree  Temperatures  ^ 
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Figure  C-l.  Forn  for  Support  C test  result*. 

(40  FR  7049,  F»b.  18.  1978.  u amended  »t  40  FR  18189.  Apr.  98. 1978] 
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ENVIRONMENTAL  PROTECTION 
AGENCY 

I FRL  610-6] 

GUIDELINE  FOR  PUBLIC  REPORTING 
OF  DAILY  AIR  QUALITY 

Pollutant  Standards  Index  (RSI) 
(OAQPS  Number  1.2-044) 

Prepared  by 

E2PA  Working  Group  io  Develop  an  Air 
.Quality  Index 

(Contributing  Acencies;  U.S.  Environ- 
mental Protection  Agency.  Oitice  op 
Research  and  Development.  OrricE  or 
Air  and  Waste  Management,  OrricE  or 
Planning  and  Management 
National  Oceanic  and  Atmospheric 
Administration — August,  1916 
The  U.S.  Environmental  Protection 
Agency's  recommended  "Pollutant 
Standards  Index"  (PSI)  Is  the  result  of 
a Joint  effort  on  the  part  of  EPA's  Offices 
of  Research  and  Development,  Air  and 


Waste  Management,  and  Planning  an^ 
Management.  The  guideline  was  pre- 
pared by  Uie  IT  A Working  Group  to 
Develop  an  Air  Quality  Index  In  response 
to  a request  from  the  Federal  Inter- 
agency Task  Force  on  Air  Quality  Indi- 
cators of  which  EPA  Is  a member.  The 
Federal  Task  Force,  chaired  by  the 
Council  on  Environmental  Quality,  was 
created  as  a result  of  a joint  EPA/CEQ 
report 1 which  pointed  out  existing  prolF- 
lems  resulting  from  the  present  diversity 
of  lndlce-  used  In  the  United  States  and 
Canada. 

This  guideline  suggests  the  use  of  the 
Pollutant  Standards  Index  (PSI)  for 
those  local  and  state  air  pollution  con- 
trol agencies  wishing  to  report  an  air 
quality  Index  on  a dally  basis.  The  PSI 
places  maximum  emphasis  on  protecting 
the  public  health;  that  Is.  It  advises  the 
public  of  any  possible  adverse  health  ef- 
fects due  to  pollution  In  order  to  err 
on  the  side  of  public  safety,  the  index 
stresses  reporting  on  the  basis  of  the 
stations  with  the  highest  pollutant  con- 
centrations and  assumes  that  other  un- 
sampled portions  of  the  community  will 
also  experience  high  concentrations.  In 
addition.  Its  emphasis  Is  upon  acute 
health  effects  occurring  over  very  short 
lime  periods  (24  hours  or  less)  rather 
than  chronic  effects^  occurring  over 
months  or  years.  It  Is  not  Intended  far, 
and  should  not  be  used  for,  ranking  ur- 
ban areas  In  terms  of  the  severity  of  their 
air  pollution  problems.  Buch  rankings 
require  the  use  of  many  other  kinds  of 
environmental  data  not  Incorporated  In 
this  Index. 

Finally,  Appendix  A discusses  the 
meteorological  Information  needs  of 
forecasting  relative  Index  changes.  This 
was  prepared  by  personnel  from  the  Na- 
tional Oceanic  and  Atmospheric  Ad- 
ministration. 
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1.  IXKCCT1VI  BUM  MART 

This  guideline  suggests  the  use  of  the 
Pollutant  Standards  Index  (PSI)  for 
those  local  and  state  air  pollution  control 
agencies  wishing  to  report  an  air  quality 
Index  on  a daily  basis.  The  document  also 
Includes  appropriate  monitoring  and  re- 


porting guidance.  The  guideline  is  the 
result  of  an  earlier  study  1 showing  that 
of  all  the  air  quality  indices  in  use  today, 
no  two  are  exactly  the  same.  A potentially 
serious  problem  of  public  confusion  can 
occur  In  regions  where  neighboring  states 
and  cities  use  different  indices.  The  PSI 

Bee  footnotes,  p 87669. 
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also  responds  to  the  request  of  several 
state  and  local  agencies  that  the  U-S. 
Environmental  Protection  Agency  pro- 
vide them  with  a recommended  uniform 
air  quality  Index. 

The  recommended  Index  Incorporates 
five  pollutants — carbon  monoxide,  sulfur 
dioxide,  total  suspended  particulate, 
photochemical  oxidants,  and  nitrogen 
dioxide — for  which  there  are  short-term 
(24  hours  or  less)  health-related  National 
Ambient  Air  Quality  Standards 
(NAAQS).'  and/or  Federal  Episode  Cri- 
teria, *-*  and  Significant  Harm  Levels  * *■  • 
A sixth  variable — the  product  of  total 
suspended  particulate  and  sUlfur  di- 
oxide— Is  computed  and  is  Included  In 
the  Index  equation  This  variable'  and  also 
nitrogen  dioxide  are  treated  differently 
than  the  other  pollutants  because  they 
have  no  short-term  NAAQS.  Therefore, 
they  are  reported  when  they  exceed  the 
Federal  Episode  Criteria  and  Significant 
Harm  Levels.  Because  of  the  basic  design 
of  the  Index,  any  further  pollutant  re- 
quiring NAAQS,  Federal  Episode  Criteria 
and  Significant  Harm  Levels  can  be 
readily  added. 

The  Index  uses  a "segmented  linear 
function”*  to  convert  each  air  pollutant 
concentration  Into  a normalized  number. 
The  NAAQS  for  each  pollutant  corres- 
ponds to  PSI=100.  and  the  Significant 
Harm  Level  corresponds  to  PSI— 600. 

At  a minimum,  PSI  reports  that  pol- 
lutant with  the  highest  Index  value  of 
all  the  pollutants  being  monitored,  a 
dimensionless  number,  and  a descriptor 
word.  On  days  when  two  or  more  pol- 
lutants violate  their  respective  NAAQS, 
each  of  the  pollutants  should  be  re- 
ported. Five  descriptor  words  have  been 
chosen  to  characterize  dally  air  quality: 
“good.”  "moderate,"  "unhealthful."  "very 
unhealthful,"  and  “hazardous."  In  ad- 
dition. for  each  descriptor  word,  gen- 
eralized health  effects  and  cautionary 
statements  are  provided  for  use  when 
the  air  Is  characterized  as  "unhealthful" 
or  worse. 

For  large  metropolitan  areas  com- 
prised of  many  smaller  cities  and 
suburbs  where  significant  air  quality  dif- 
ferences may  exist,  the  air  pollution  con- 
trol agency  may  wish  to  report  separate 
•ndex  values  for  each  community.  This 
has  the  advantage  of  showing  the  public 
how  air  pollution  varies  over  the  larger 
metropolitan  area  The  pollutants  would 
be  monitored  at  population-oriented 
locations  where  the  maximum  concen- 
tration for  the  particular  pollutant  Is  ex- 
pected to  occur,  and  the  public  within 
each  community  would  be  made  aware 
of  the  worst  air  quality  U which  It  Is 
exposed. 

Further  guidance  Is  given  on  the 
measurements  practices  and  monitor 
siting  considerations  (Section  5>. 

PSI  should  not  be  used  to  rank  cities. 
An  evaluation  of  PSI  In  eight  cities  *•  • 
Illustrated  the  difficulties  of  attempting 
to  compare  air  quality  levels  In  different 
cities  using  this  or  any  other  Index.  PSI 


* A segmented  linear  function  consists  of 
two  or  more  straight  lines,  drawn  between 
successive  coordinates  ("breakpoints")  where 
each  line  may  have  a different  slope 
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Is  designed  for  the  dally  reporting  of  air 
quality  to  advise  the  public  of  potentially 
acuta,  but  not  chronic  health  effects. 
To  properly  rank  the  air  pollution  prob- 
lems In  different  cities,  one  should  rely 
not  Just  on  air  quality  data,  but  should 
Include  all  data  on  population  charac- 
teristics, dally  population  mobility, 
transportation  patterns.  Industrial  com- 
position. emission  Inventories,  meteoro- 
logical factors,  and  the  spatial  repre- 
sentativeness ot  air  monitoring  sites  A 
correct  ranking  should  also  consider  the 
number  of  people  actually  exposed  to 
various  concentrations,  as  well  as  the 
frequency  and  duration  of  their  ex- 
posure. 

Adoption  of  PSI  should  reduce  the  con- 
fusion due  to  the  existence  of  many  in- 
dices. PSI  has  several  advantages:  (1) 
ft  Is  simple  and  can  be  easily  understood 
by  the  public,  (2)  it  can  accommodate 
new  pollutants.  (3)  It  Is  based  on  a rea- 
sonable scientific  premise,  (4)  It  relates 
to  NAAQS.  Federal  Episode  Criteria,  and 
Significant  Harm  Levels.  (5)  It  exhibits 
day-to-day  variations,  and  (6)  a quali- 
tative trend  In  the  Index  can  be  forecast 
for  periods  up  to  a day  In  advance,  espe- 
cially during  episodic  conditions. 

2.  INTRODUCTION 

A major  area  of  concern  In  the  field 
of  air  pollution  control  Is  how  to  best 
report  dally  air  quality  to  the  public.  A 
recent  CEQ/EPA  Report’  Indicates  that 
of  the  55  largest  tJ.S.  metropolitan  air 
pollution  control  agencies.  33  use  an  air 
pollution  Index.  In  addition,  five  states 
and  two  Canadian  Provinces  operate 
state-wide  (or  Province -wide)  Index  sys- 
tems. With  two  minor  exceptions,  no  two 
indices  were  found  to  be  exactly  the 
same.  The  public  confusion  generated  by 
the  use  of  so  many  Indices  Is  particularly 
evident  In  bordering  states  using  differ- 
ent Indices.  Therefore,  there  Is  a need 
to  develop  a uniform  Index  to  report  the 
dally  status  of  air  pollution. 

A recent  paper  • emphasizes  the  need 
for  a truly  meaningful  Index  to  have  a 
sound  scientific  basis  The  paper  suggests 
that  such  an  Index  be  based  on  the  rela- 
tionship between  pollutant  concentration 
and  adverse  health  (welfare)  effects — 
that  Is.  a "damage  function."  Unfortu- 
nately, It  Is  an  extremely  complex  under- 
taking to  relate  measured  air  pollutant 
concentrations  to  the  many  diverse  ef- 
fects of  air  pollution — for  example,  ag- 
gravation of  disease  In  susceptible 
people.  Increased  Incidence  of  respira- 
tory illness  in  healthy  persons.  Impair- 
ment of  human  motor  function,  reduced 
visibility,  corrosion  of  materials,  and 
soiling  of  buildings.  Arriving  at  an  air 
quality  standard  for  a given  pollutant — 
which  Is  Just  one  point  In  a damage 
function — has  required  vast  quantities 
of  data,  medical  advisory  committees, 
detailed  epidemiological  studies,  and 
other  extensive  research.  The  air  quality 
criteria  documents  published  for  the 
major  air  pollutants  “ reflect  the  com- 
plexity of  the  process. 

The  recent  paper  * also  emphasizes  the 
Importance  of  an  Index  accounting  for 
the  adverse  effects  associated  with  com- 


bination! of  pollutants — that  Is,  syner- 
gism. For  example,  the  criteria  document 
on  sulfur  oxide*  ° states  that  adverse 
health  effect*  attributable  to  sulfur 
oxides  are  Intensified  In  the  presence  of 
particulate  matter.  Understanding  sy- 
nergistic effects  adds  greatly  to  the  prob- 
lem of  obtaining  a truly  meaningful  air 
quality  Index.  These  problems  stress  the 
need  for  additional  research  to  develop 
pollutant-related  damage  functlons- 
that  take  Into  account  synergistic  ef- 
fects on  health  and  welfare. 

As  an  Interim  solution  to  these  prob- 
lems. this  guideline  recommends  a uni- 
form Index  to  report  dally  air  quality, 
along  with  appropriate  monitoring  guid- 
ance This  Index  win  serve  until  a more 
meaningful  air  quality  Index  can  be  cre- 
ated. If  adopted,  a uniform  Index  should 
end  the  confusion  associated  with  the 
use  of  many  v&rled  Indices. 

1.  THX  EPA  RECOMMENDED  DAILY  INDICA- 
TOR— POLLUTANT  STANDARDS  INDEX  (PSI) 

The  Pollutant  Standards  Index  (PSI 
or  f)  Is  the  result  of  a Joint  effort  by 
EPA  s Offices  of : Research  and  Develop- 
ment, Air  and  Waste  Management,  and 
Planning  and  Management.  Its  evolu- 
tion has  Included  formulation  of  several 
candidate  Index  structures,1'  “ and  the 
Index  has  undergone  an  extensive  rev  -w 
process  Involving  6tate  and  local  air  po.  - 
lutlon  control  agencies,  public  organiza- 
tions, and  media  representatives. 

The  recent  CEQ/EPA  compendium  of 
air  pollution  indices 1 developed  an  “In- 
dex classification  system”  to  analyze  and 
compare  the  various  Indices  used  by 
state,  Provincial,  and  local  agencies. 
Indices  were  categorized  according  to 
four  criteria:  (1)  number  of  pollutant 
variables  measured.  (2)  calculation 
method  used  to  compute  the  Index,  (3) 
descriptor  categories  reported  with  the 
Index,  (4)  method  of  reporting  (whether 
It  Is  "combined.”  "maximum,",  or  "Indi- 
vidual”) . 

The  report  found  that  the  greatest 
number  of  the  Indices  In  use  1 Incorpo- 
rate five  of  the  six  National  Ambient  Air 
Quality  Standards  (NAAQS)  pollutants 
(hydrocarbons  are  excluded  because 
there  are  no  direct  health  effects  as- 
sociated with  the  pollutant.  It  Is  con- 
trolled because  It  Is  a precursor  to  the 
formation  of  photochemical  oxidants.) ; 

(2)  use  a segmented  linear  function'; 

(3)  are  based  cn  the  maximum  of  one  of 
the  pollutant  variables;  and  (4)  use 
three  to  five  descriptor  categories. 

In  the  following  sections,  the  structure 
of  PSI  Is  presented  according  to  the  "In- 
dex classification  system"  categories 
3.1  Number  o!  pollutants 

PSI  Includes  five  pollutants:  carbon 
monoxide  (CO),  sulfur  dioxide  (SO), 
total  suspended  particulate  matter 
(TSP),  photochemical  oxidant  (O.)  and 
nitrogen  dioxide  (NO*) . Primary  (that  is. 


• A segmented  linear  function  consists  of 
two  or  more  straight  Unas,  drawn  beta-eon 
successive  coordinate*  ("breakpoints") 
where  each  line  may  have  a different  slope 
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X..  Breakpoint*  for  PSI  (t)  In  Metric  Unit* 


Breakpoint! 

rsi 

Value 

(»> 

TSP 

*c/«> 

24-hr. 

vg/m* 

24-hr. 

TSPxSO? 

(eg/a3)1 

CO  . 
ag/.1 
t hours 

& 

l-hr. 

"°2 

vg/x’ 

l-hr. 

505  of  primary  short* 
tern  h*AQ 5 

10 

75* 

80* 

i 

6.0 

SO 

b 

Primary  short-term  KAAQS 

100. 

260 

365 

b 

10J> 

160 

b 

Alert  Level  . 

200 

375 

800 

65xl03 

17;o 

400e 

1130 

Warning  Level 

300 

625 

1600 

261x10s 

34.0 

800 

2260 

Emergency  Level 

400 

875 

2100 

393x10s 

46.0 

1000 

3000 

Significant  Harm  Level 

500 

1000 

2620 

490x10s 

57.5 

1200 

3750 

* Annuel  primary  NAAQS. 

^Ko  Index  velur  reported  it  concentration  level*  below  those  specified  by  the  Alert 
level  criteria. 


^or  the  PSI  Index  400  ug/m’  appear*  to  be  a more  consistent  breakpoint  between  the 
descriptor  words  ’unhealthful"  and  "very  unhealthful’  than  the  Os  Alert  Level  of 
200  pg/ce’.  J 


TABLE  2.  Breakpoint*  for  PSI  (.)  In  Part*  Per  Mlllloo 


Breakpoints 

PSI 

Value’ 

(♦) 

~2«^r. 

TSPxSO? 

(ng/*1* 

CX> 

8 hour! 

Vfir.  ~ 

«>2 

l-hr. 

50X  of  primary  NAAQS 

50 

.03* 

b 

2.5 

0.04 

b 

Primary  NAAQS 

100 

.14 

b 

9.0 

0.06 

b 

Alei  t Level 

200 

.30 

22.727 

15.0 

0.20c 

0.60 

Warning  Level 

300 

.60 

91.259 

30.0 

0.40 

1.20 

Emergency  Level 

400 

.80 

137.413 

40.0 

0.50 

1.60 

Significant  Hare  level 

500 

1.00 

171.329 

50.0 

0.60 

2.00 

•Annual  primary  NAAQS. 

^No  Index  value  reported  at  concentration  levels _bel(w  those  specified  by  the 
Alert  Level  criteria. 


•for  the  PSI  index  0.2  ppm  appear*  to  be  a more  consistent  breakpoint  between  the  descriptor 
words  ’unhealthful*  and  ’very  unhealthful"  than  the  O3  Alert  level  of 

0.1  pf*«. 


health  related)  NAAQS.  and/or  Federal 
Episode  Criteria,  and  Significant  Harm 
Levels  exist  for  all  five.  In  addition,  one 
pollutant  product  TSP  X 80.  Is  Included 
because  It  has  both  Federal  Episode  Cri- 
teria and  a Significant  Harm  Level.*-  * As 
with  NO.  which  has  no  short-term  pri- 
mary NAAQS,  the  product  Is  reported 
when  the  Federal  Episode  or  Significant 
Harm  levels  are  exceeded.  Finally,  be- 
cause of  the  structure  of  the  Index,  any 
pollutant  Identified  lr>  the  future  for 
which  NAAQS.  Federal  Episode  Criteria, 
and  Significant  Harm  Levels  are  adopted 
can  be  added  without  modifying  the 
basic  form  of  the  Index. 

3.2  Calculation  method 

A segmented  linear  function  Is  used 
relating  actual  air  pollution  concentra- 
tions to  a normalized  number.  For  exam- 
ple. PSI  (f)  equals  100  when  the  NAAQS 
for  each  pollutant  Is  reached,  while  <+> 
equals  500  when  the  Significant  Harm 
Level  for  each  pollutant  Is  reached.  The 
normalized  number  should  be  easier  for 
the  general  public  to  understand  because 
It  does  not  require  one  to  know  specific 
NAAQS  concentrations  or  the  many  dif- 
ferent Federal  Episode  and  Significant 
Harm  Levels. 

Hie  Index  breakpoints  are  listed  In 
metric  units  (Table  1)  and  In  parts  per 
million  (Table  2) . The  first  breakpoint 
separates  the  descriptor  categories 
“good"  and  “moderate."  For  CO  and  Oi. 
the  first  breakpoint  was  chosen  at  50  per- 
cent of  the  primary  NAAQSs.  In  the  case 
of  TSP  and  SOv  concentrations  equal  to 
their  respective  primary  annual  NAAQS 
were  chosen  because  tile  frequent  oc- 
currence at  values  greater  than  these 
concentrations  could  lead  to  violations  of 
their  respective  annual  NAAQS.  in  an 
area  where  a violation  of  either  the  an- 
nual primary  TSP  or  SO.  standard  oc- 
curs. approximately  50  percent  or  more 
of  the  days  will  thus  be  classified  as 
“moderate"  or  worse.  This  approach 
minimizes  the  potential  for  public  con- 
fusion which  might  arise  from  a pre- 
ponderance of  days  reported  as  “good." 
followed  by  the  report  that  the  annual 
health- related  standards  has  been  vio- 
lated. 

The  breakpoints  between  the  primary 
NAAQS  and  Significant  Harm  Levels  are 
somewhat  arbitrarily  set  at  the  Federal 
Episode  Alert,  Warning,  and  Emergency 
Levels,  except  for  oxidants.  In  the  case 
of  oxidant.  400  jig/m’  was  used  as  the  PSI 
breakpoint  for  the  descriptor  words  "un- 
healthful" and  "very  unhealthful"  be- 
cause It  appears  to  be  more  consistent 
with  the  descriptor  words  than  the  sug- 
gested administrative  Alert  level  of  200 
ix  g/m*.** 


**  Bever.1  air  pollution  control  agencies 
are  using  400  xg/m1  Instead  of  200  xg/ms  ax 
their  Alert  level  with  concurrence  by  the  En- 
vironmental Protection  Agency. 
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Figures  1 through  5 show  the  seg- 
mented linear  function  for  each  of  the 
NAAQS  pollutants,  and  Figure  6 shows 
the  function  for  the  product  of  TSP  and 
SO..  If  NAAQS  for  new  pollutants  are 
adopted  in  the  future,  they  can  be  ac- 
commodated by  drawing  a new  seg- 
mented linear  function. 

3.3  Descriptor  categories 
PSI  1*  primarily  a health  related  Index 
as  shown  by  the  descriptor  words : "good." 
“moderate."  “unhealthful."  "very  un- 
healthful." and  "hazardous.”  (Table  3). 


The  breakpoints  used  to  separate  these 
descriptor  words  are  somewhat  arbitrary. 
On  the  basis  of  health  effects  data  above. 
It  Is  not  possible  to  establish  a sharp 
demarcation  between  any  two  descriptor 
words.  However,  when  the  five  pollutants 
were  examined  In  the  context  of  severity 
of  health  effects,  their  NAAQS  and  EPA 
suggested  administrative  Alert,  Warn- 
ing. and  Emergency  levels  tended  to  pro- 
vide convenient  breakpoints,  except  for 
the  oxidant  Alert  level  which  was  re- 
placed with  400  xg/m',  as  discussed 
earlier. 
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SULFUR  DIOXIDE  QMmt  RUNNING  AVERAGE). R*'*1 
Figure  3.  PSI  function  for  tulfur  dioxkte 
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Air  pollution  level*  between  the  short- 
term primary  NAAQS  and  the  Alert  level 
tor  TSP.  SOa,  and  CO  and  400  ag/m*  lor 
Oa  are  deemed  "unhealthful.''  because 
mild  aggravation  of  respiratory  symp- 
toms in  susceptible  persons  and  Irrita- 
tion symptoms  In  the  heklthy  population 
occur  at  some  point  above  the  short-term 
primary  NAAQS  and  at  and  below  the 
Alert  level*  for  TSP.  BO*,  and  CO  and 
400  *g/m'  tor  NO,  Is  not  reported 

unto  concentrations  exceed  the  Alert 
level  because  no  short-term  NAAQS  has 
been  established.1*  Air  pollution  concen- 
trations above  the  Alert  level  but  below 
the  Warning  level  are  classified  as  “very 
unheal thful,“  while  concentrations  above 
the  Warning  level  are  “hazardous.” 

These  classifications  are  related  to 
generalized  health  effects  and  appropri- 
ate cautionary  statements  (Table  S)  * A 
single  set  of  generalized  health  effects 
and  cautionary  statements  Is  Indicated 
for  the  descriptor  words  “unhealthful” 
and  “very  unhealthful."  The  “hazard- 
ous” category  has  two  sets  of  generalized 
health  effects  and  cautionary  statements. 
The  first  set  Is  reported  when  the  Index 
exceeds  300  and  the  second  when  the  In- 
dex exceeds  400  Indicating  the  Increasing 
severity  of  the  air  pollution  levels. 

In  the  case  of  TSP  and  SO.,  short-term 
secondary  air  quality  standards  also  ex- 
ist below  their  primary  NAAQS  Second- 
ary standards  are  designed  to  protect 
against  the  adverse  effects  of  pollution 
on  the  public  welfare  (animals,  vegeta- 
tion. materials,  visibility,  etc.)  According 
to  pet  tt  their  short  term  secondary 
IfAAQSs  are  violated,  the  concentrations 
Would  be  classified  as  “moderate”  or 
Worse.  While  this  descriptor  word  Is  valid 
trxwn  a health  viewpoint,  the  air  quality 
t*.  unsatisfactory  from  the  standpoint  of 
Vvelfare  effects  Because  P8I  Is  a health- 
related  Index,  the  user  may  wish  to  re- 
port on  the  possible  welfare  effects  when 
either  the  short  term  TSP  or  BO.NAAOS 
is  violated. 

4.  Xir OUTING  PROCEDURES 

PSI  has  been  designed  to  be  as  flexible 
as  possible  In  allowing  air  pollution  con- 
trol agencies  to  decide  for  themselves  the 
Information  to  include  In  their  reports 
to  the  various  media.  This  section  ex- 
amines the  recommended  method  of  re- 
porting the  Index,  the  reporting  of  the 
Federal  Episode  Criteria,  and  the  concept 
of  flexible  media  reporting. 

4.1  .Reporting  the  1 rules 

Blnce  each  pollutant  Is  examined  sepa- 
rately by  comparing  ft*  measured  con- 
centration with  the  NAAQS,  the  Episode 
Levels,  and  the  Significant  Harm  Level, 
each  pollutant  con  be  reported  sepa- 
rately. At  the  minimum,  the  pollutant 
with  the  highest  Index  value  should  be 
reported  to  advise  the  public  of  the  worst 
air  pollution  to  which  It  Is  exposed.  On 
days  when  two  or  more  pollutants  violate 
their  respective  NAAQS — that  Is.  have 
FBI  values  greater  than  100 — then  each 
of  the  pollutants  should  be  reported.  The 
Index  values  of  the  other  pollutant*  may 
also  be  reported  for  completeness.  When 
the  air  pollution  lev-1  Is  reported  as  “un- 
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healthful.”  “very  unhealthful,"  ox  “hax- 
ardous.”  cautionary  statements  should 
also  be  used.  In  addition,  the  generalized 
health  effects  can  be  used. 

Users  of  PSI  may  wish  to  report  on 
the  health  effects  of  each  pollutant  in- 
dividually. thereby  providing  more  de- 
tailed language  on  each  pollutant  than  la 
available  In  Table  3.  In  preparing  such 
Information  for  the  public,  the  user  is 
encouraged  to  seek  appropriate  medical 
advice  and  to  consult  the  lltcratur*.”'** 

43  Reporting  the  Federal  episode  cri- 
teria 

When  the  Federal  Episode  Levels  for 
each  pollutant  are  exceeded,  the  user 
should  report  the  administrative  actions 
associated  with  the  Alert.  Warning,  or 
Emergency  Levels.  The  Issuance  of  ad- 
ministrative actions  depends,  of  course, 
upon  the  forecast  of  meteorological  con- 
ditions affecting  future  pollution  levels. 

Issuance  of  administrative  actions  also 
apply  to  the  product  of  TSP  and  SOv 
which  has  both  Federal  Episode  Criteria 
and  Significant  Harm  Levels.*-  * Although 
available  health  effects  Information  has 
not  been  codified  to  tie  the  descriptor 
words  to  the  product  of  TSP  and  SO,,  the 
product  Is  Included  for  purposes  of  ad- 
ministrative completeness 

4.3  Forecasting  the  index 

The  forecasting  of  a quantitative  Index 
for  periods  up  to  a day  In  advance  would 
be  difficult  without  extensive  meteorolog- 
ical data  and  specialized  expertise  that 
some  air  pollution  control  agencies  may 
not  possess.  However,  qualitative  Index 
forecasting  Is  practicable  using  the  Na- 
tional Weather  Servlce'i  Air  Pollution 
Weather  Forecast  Program.--  ” With  this 
weather  Information,  along  with  avail- 
able emissions  and  air  quality  trend  data, 
agencies  can  develop  techniques  or  pro- 
cedures to  forecast  the  relative  change  In 
the  Index  by  using  the  following  word  de- 
scriptors : No  significant  change,  de- 
crease. or  Increase.  The  principal  respon- 
sibility for  obtaining  the  necessary  emis- 
sion and  air  quality  Information  lies  with 
the  air  pollution  control  agency  using  the 
Index.  The  air  pollution  control  agency 
would  Integrate  the  meteorological  Infor- 
mation and  apply  the  predictive  methods 
to  generate  the  forecast.  The  Information 
needs  for  forecasting  relative  Index 
changes  Is  discussed  further  In  Appendix 
A. 
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4.4  Flexible  media  reporting 

The  Index  has  been  designed  to  be  a* 
flexible  as  possible  In  reporting  the  status 
of  air  quality  to  the  public.  Either  short 
or  long  reports  can  be  used.  For  tele- 
vision. the  report  could  read.  “Today  the 
air  pollution  Index  Is  60.  the  air  quality 
Is  good."  However,  when  the  air  pollution 
becomes  unhealthful.  then  several  pos- 
sible reports  could  be  considered  for  tele- 
vision, the  news  media,  or  telephone  re- 
cordings. For  example,  when  oxidant 
pollution  reaches  a concentration  of  ISO 
*g/m‘  (0.14  ppm) , the  report  could  take 
several  different  forms. 

(1)  Today,  the  air  pollution  Index  Is 
160.  The  air  Is  “unhealthful.”  The  pollu- 
tant O,  Is  responsible. 

(3)  An  air  pollution  alert  has  (or  has 
not)  been  called  based  on  the  forecast 
for  the  remainder  of  the  day  (and/or) 
tomorrow. 

(3)  Repeat  the  above  and  add  the  fol- 
lowing cautionary  statements;  "Persons 
with  existing  heart  or  respiratory  ail- 
ments should  reduce  physical  exertion 
and  outdoor  activity." 

(4)  The  report  could  Include  every- 
thing said  In  (1).  (3) . and  (3)  and  then 
add  that  “unhealthful"  air  can  cause 
“mild  aggravation  of  symptoms  In  sus- 
ceptible persons,  with  Irritation  symp- 
toms In  the  healthy  population.” 

(6)  Finally,  the  report  could  conclude 
with  the  forecast -of  tomorrow's  air  pol- 
lution level,  such  as  "no  change  In  the 
air  pollution  level  Is  expected.” 

Table  3 should  be  referred  to  In  pre- 
paring the  air  pollution  status  report  to 
the  public.  Figures  7 and  8 Illustrate  the 
above  ozone  example  by  showing  possible 
reports  for  the  television  and  newspaper, 
respectively.  Both  figures  provide  essen- 
tial Information.  Indicating  the  PSI 
value,  the  critical  pollutant,  the  health 
Implications  for  the  public,  and  the  next 
day's  forecast.  Each  of  the  descriptor 
categories  has  been  given  equal  weight 
The  Information  Is  displayed  so  that  H 
can  be  presented  as  rapidly  as  possible 
in  an  easy- to- understand  format. 

I.  liONXTORINO  IXqOIXDCEHia 
8.1  Need  tor  monitoring  uniformity 

In  order  for  PSI  to  be  readily  accepted, 
the  data  used  In  calculating  the  Index 
must  be  comparable  from  site  to  site 
within  a region.  Since  these  data  an  to 
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be  obtained  at  existing  air  monitoring 
eltea,  certain  easily  tanplemen  table  prac- 
tices can  eliminate  considerable  vari- 
ability in  the  data.  Among  these  are  us- 
ing: (1)  uniformity  of  site  types — that  is. 
residential,  commercial,  etc.;  (2)  Federal 
Reference  Methods  or  their  equivalent; 
(3)  standardizing  sampling  height  and 
probe  exposure:  and  (41  good  housekeep- 
ing and  quality  control  procedures  to 
provide  high  quality  dat^. 

S.3  Network  considerations 

Air  pollution  control  agencies  need  not 
undertake  additional  monitoring  re- 
quirements In  the  Implementation  of 
PSI.  but  can  simply  select  sites  from 
their  existing  network.  The  gttes  selected, 
however,  should  generally  meet  two  basic 
criteria:  (1)  Sites  should  be  represent- 
ative of  population  exposure — that  Is.  not 
unduly  Influenced  by  a single  emission 
point  or  background -oriented,  and  (3) 
sites  should  be  located  in  areas  of  maxi- 
mum concentration  for  the  pollutant  of 
Interest,  but  should  not  be  unduly  Influ- 
enced by  any  single  source.  Areas  suitable 
for  monitoring,  by  pollutant  arc: 

TSP — populated  arras  substantially 
downwind  of  large  sources  or  In  the  midst 
of  numerous  area  sources. 

SO, — populated  areas  substantially 
downwind  of  large  sources  or  In  ^he  midst 
of  numerous  area  sources. 

CO — densely  populated,  high -traffic 
volume  areas.  Including  areas  in  the  cen- 
ter city. 

0> — populated  areas  substantially 
downwind  of  areas  of  maximum  hydro- 
carbon emissions  density,  such  as  the 
central  business  district  The  site  should 
be  100  meters  or  more  removed  from  ma- 
jor traffic  arteries  or  parking  lots. 

NO. — populated  areas  downwind  of 
areas  of  high  traffic  density. 

If  a pollutant(s)  Is  (are)  measured  at 
several  locations  within  a metropolitan 
area.  It  would  be  desirable  (If  possible) 
to  base  the  Index  on  the  site  showing  the 
highest  reading  on  a given  day.  This 
would  mean  that  different  sites  would  be 
used  on  different  days. 

For  large  metropolitan  areas  comprised  • 
of  many  smaller  cities  and  suburbs  where 
significant  air  quality  differences  may  ex- 
ist, the  air  pollution  control  agency  may 
wish  to  report  separate  Index  values  for 
each  community.  This  has  the  additional 
advantages  of  showing  the  public  how  air 
pollution  varies  over  the  larger  metro- 
olitan  area.  Furthermore,  for  example, 
the  photochemical  pollutants  tend  to  be 
higher  In  the  suburban  fringe. 

53  Measurement  practices  and  report- 
ing frequencies 

53.1  Vse  of  Federal  reference  meth- 
ods. Since  PSI  Is  baaed  on  the  NAAQS. 
the  Federal  Reference  Methods  (FRM) 
or  equivalent  should  be  used  where  pas  ■ 
slble.  Such  methods  are  consistent  with 
the  averaging  time  of  the  primary  stand- 
ards. Further,  continuous  methods  should 
be  used,  where  possible,  to  facilitate  the 
reporting  of  the  Index  numbers  two  or 
three  times  per  day. 

6.33  Carbon  monoxide,  nitrogen  di- 
oxide. and  ozone  The  FRM  for  CO  Is 
based  on  the  nondtapersive  Infrared 


measurement  principle.  The  proposed 
method  tor  NO,  and  the  existing  method 
for  O.  employ  the  chemiluminescence 
measurement  principle  and  give  continu- 
ous data.  A FRM  or  equivalent  method 
for  CO.  N<X  and  O,  must  also  meet  per- 
formance specifications  set  forth  in  the 
Fxdxxsl  Racism" 

6.33  Sulfur  dioxide.  The  FRM  for 
SO.  Is  the  paxaroeanlllne  34-hour  bubbler 
method  The  solution  may  be  analysed 
automatically  or  manually  at  the  central 
laboratory.  Serious  logistics  problems  can 
arise  If  an  Index  number  must  be  calcu- 
lated from  multiple  sites  two  or  three 
times  per  day.  Fortunately,  there  are  pro- 
cedures for  designating  continuous  SO. 
analyzers  as  equivalent  to  the  FRM," 
and  from  these  24-hour  running  averages 
are  easily  obtained.  Therefore,  the  use  of 
the  continuous  SO.  analyzer  Is  recom- 
mended to  collect  the  data  used  In  the 
Index  If  one  Is  not  available,  then  a 
pararosanlllne  24-hour  bubbler  method 
can  be  used  IT  several  precautions  are 
taken.  To  prevent  deterioration  In  the 
sample,  the  sample  should  be  collected 
at  ambient  temperature  or  no  warmer 
than  15*  C If  ambient  temperatures  are 
below  freezing.  The  sample  should  then 
be  analyzed  as  soon  as  possible,  with  no 
later  than  a six -hour  delay  from  end  of 
sampling  to  analysis. 

5 3.4  Total  suspended  particulate.  The 
FRM  for  TSP  uses  a hlgh-volume  sam- 
pler and  e pec  tiles  a mldnlght-to-mid- 
nlght  24-hour  sample  followed  by  a 24- 
hour  equilibration  at  a relative  humidity 
less  than  50  percent  This  leads  to  a two- 
day  delay  In  the  reported  value.  For  In- 
dex reporting,  the  simplest  modification 
to  the  FRM  Is  to  make  the  sampling  time 
more  convenient — that  is.  8 am  -to-8 
a m.  or  noon-to-noon.  etc.  The  sample 
could  be  weighed  Immediately  to  provide 
a TSP  value  for  the  Index.  Later  a true 
value  could  be  calculated  after  the  rec- 
ommended equilibration  time  of  24  hours. 
A study  In  EPA  Region  IV  has  shown 
that  the  true  TSP  values  are  usually 
within  10  percent  of  the  values  measured 
Immediately  after  collection."  The  true 
value  would  be  recorded  as  the  correct 
one.  reported  to  the  National  Aerometrlc 
Data  Bank,  and  used  to  calculate  annual 
averages  and  maxima. 

6.3.4. 1 Staggered  high-volume  sam- 
pler measurements. — During  episode 
conditions,  the  air  polutlon  control 
agency  may  find  It  necessary  to  Inform 
the  public  of  existing  conditions  two  or 
three  times  per  day.  Therefore,  several 
hlgh-volume  samplers  could  run  for  24 
hour  periods  staggered  every  4 to  6 hours 
throughout  the  episode.  The  sample  could 
be  weighed  Immediately,  and  that  weight 
used  In  deciding  what  action  should  be 
taken  concerning  the  possible  emergency. 
Then  the  filter  would  be  equilibrated  for 
24  hours  and  rewelghed. 

53.43  Alt' -not  tr>e  measurements. — 
The  paper  tai  .ampler  and  the  Integrat- 
ing nephelometer  can  be  used  to  Indicate 
the  need  for  overlapping  hlgh-volume 
sampler  measurements.  The  paper  tape 
sampler  has  been  used  in  most  previous 
Indices  and  has  both  Federal  Episode 


Criteria  and  a Significant  Barm  Level. 
The  Coefficient  of  Base  (COH)  value 
from  the  paper  tape  sampler,  however, 
Is  poorly  correlated  with  TSP  levels.  In 
addition,  the  paper  tape  sampler  has  not 
been  determined  to  be  an  “equivalent 
method"  to  the  FRM.  Therefore.  Its  use 
should  be  limited  to  Index  reporting  and 
must  not  be  used  to  determine  compli- 
ance with  the  NAAQB  lor  particulate 
matter. 

A newer  Instrument  relatively  untested 
In  routine  field  applications  is  the 
integrating  nephelometer.  It  measures 
the  scattering  of  light  from  «mtii  par- 
ticles and  correlates  well  with  visibility 
and  TSP  measurements.  Both  the  paper 
tape  sampler  and  the  nephelometer  can 
produce  a running  24 -hour  value  which 
can  be  used  as  a qualitative  Indicator  of 
TSP  loadings  In  the  atmosphere. 

53.5  Frequency  of  Reporting  and 
Appropriate  Averaging  Times.  The  fre- 
quency of  reporting  is  left  up  to  the 
agency,  within  these  suggested  ranges.  It 
may  be  desirable  to  report  the  Index  once 
a day  but  probably  not  more  than  three 
times  per  day.  Because  the  hlgh-volume 
sampler  has  a 24-hour  averaging  period, 
agencies  might  consider  operating  two 
or  more  hlgh-volume  samplers  at  the 
same  station  but  with  off-set  time  pe- 
riods, ending  between  8 am.  and  6 pm 
to  provide  reporting  Information  during 
the  most  desirable  period. 

If  the  agency  desires,  the  paper  tape 
sampler  or  Integrating  nephelometer 
could  be  used  In  conjunction  with  tha 
hlgh-volume  sampler  to  provide  esti- 
mates of  the  most  recent  ambient  par- 
ticulate loading.  Thus  used,  the  paper 
tape  sampler  provides  some  guidance  oo 
whether  or  not  to  undertake  more  Inten- 
sive measurements  during  high  ale  pSd- 
lution  levels.  * 

Appropriate  averaging  times  for  which 
the  Index  should  be  tabulated  and  re- 
ported for  each  pollutant  are : 

TSP — TSP  values  taken  with  the  hlgh- 
volume  sampler  are  discrete  24-hour 
values.  Monitoring  the  data  collection 
should  be  on  a schedule  consistent  with 
the  agency's  need  to  report  the  air  qual- 
ity Index  Other  overlapping  times  may 
be  employed  by  those  agencies  wishing 
to  report  more  than  one  Index  value  per 
day. 

80* — The  suggested  reporting  value  Is 
the  most  current  24-hour  running  av- 
erage since  the  last  reporting  period. 

CO — Although  there  are  two  standards 
for  CO  (8  hours  and  1 hour),  the  8 -hour 
standard  Is  usually  considered  the  lim- 
iting one  and  will  be  the  one  violated  In 
the  vast  majority  of  cases.  The  most  cur- 
rent 8-hour  running  average  since  the 
last  reporting  should  be  used.  In  addi- 
tion. the  ageDcy  could  also  report  the 
Index  value  associated  with  the  highest 
8-hour  average  during  the  reporting 
period. 

O) — The  suggested  reporting  value  for 
Oi  Is  the  highest  hourly  value  since  the 
last  reporting  period.  The  reporting  pe- 
riods are  usually  24  hours  or  shorter. 

NOi — Although  the  standard  for  NO> 
Is  an  annua]  one,  there  are  hourly  values 
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Associated  with  episode  criteria;  there- 
fore, using  the  highest  hourly  value  since 
the  last  reporting  period  Is  recommended. 
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Introduction 

The  information  needed  to  qualitatively 
forecast  tbs  Pollutant  Standards  Index 
(PHI)  to  of  two  types:  (1)  pollutant-related 
and  (8)  meteorological.  The  pollutant-re- 
lated Information  may  include  data  on  eouroe 
locations,  physical  eouroe  characteristics  and 
emissions,  etmoepharlo-pbyslochemios]  trans- 
formation processes,  and  actual  ah  quality 
measurements  and  trends  Meteorological  In- 
formation that  may  be  Included  are  data  oh 
synoptic  weather  features,  on  meteorological 
parameters  Indicative  of  the  dispersive  capa- 
bility of  the  lower  atmosphere,  and  of  the 
photochemical  potential.^  It  might  also  in- 
clude Information  on  the  effect  of  local  ter- 
rain complexities  upon  meteorological  pa- 
rameter*. Together,  pollutant- related  and 
meteorological  information  form  the  input 
to  locally  tailored  predictive  techniques  such 
as  mathematical  models,  statistically  derived 
methods,  or  other  techniques  that  may  be 
applied  along  with  subjective  Judgment  to 
some  degree. 

The  necessary  pollutant -related  Informa- 
tion la  to  be  obtained  by  the  ah  pollution 
control  (APC)  agency  having  local  responsi- 
bility for  issuing  the  Index  The  National 
Weather  Service  (NWS)  Is  the  primary  agency 
supplying  the  needs  of  APC  agencies  for 
meteorological  Information  NWS  services  In- 
clude Issuance  of  advisories  on  ah  pollution 
potential  and  ah  stagnations  However,  some 
APC  agencies  and/or  their  consultants  may 
also  collect  and  Interpret  meteorological  In- 
formation to  supplement  that  available  from 
the  NW8. 

General  data  needs 

The  types  and  amounts  of  pollutant-related 
information  needed  will  vary  depending  on 
the  particular  pollutant(s)  of  concern  and 
the  eouroe  to  monitoring  site  configurations 
in  the  particular  geographical  area.  For  ex- 
ample. In  the  Loe  Angeles  Basin,  photochemi- 
cal oxidant  to  the  primary  pollutant  of  con- 
cern and  since  precursor  sources  ( mainly 
mobile)  are  widespread,  the  potential  for 
maximum  impact  extols  over  a rather  large 
area.  In  contrast,  in  Pittsburgh  and  Birming- 
ham where  suspended  particulate  matter 
from  Industrial  ferrous  emissions  will  most 
likely  cause  elevated  pollutant  levels,  the 
maximum  Impact  will  probably  be  more 
localised:  thus,  pollutant-related  informa- 
tion may  not  have  to  be  as  extensive.  It  Is  also 
Important  to  know  the  diurnal,  weekly,  and 
seasonal  characteristics  of  emissions  For  In- 
stance. carbon  monoxide  concentrations  are 
closely  associated  both  spatially  and  tempo- 
rally with  automobile  emissions.  Typical  di- 
urnal patterns  reflect  morning  and  evening 
peaks  In  vehicular  traffic.  High  concentrations 
may  shift  weekly  in  response  to  changes  in 
workday  versus  weekend  automotive  travel 
patterns  Seasonal  patterns  may  shift  In  some 
areas  with  vacation  travel 

Oenerally.  an  up-to-date  amissions  Inven- 
tory should  be  available  far  communities 
where  P8I  to  to  be  utilised  In  order  to  ade- 
quately assets  the  source  to  monitoring  site 
Impact  relationships.  Par  point  sources 
(usually  >100  to  ns/ year  of  a poOutant) . In- 
formation should  Include  the  eouroe  location, 
pollutants  emitted,  emission  rates,  and  stack 
parameters.  Area  eouroe  data,  including  lea- 
ser point  emissions,  are  not  normally  as  spa- 
dfle  Available  area  emissions,  tn  tons  per 
year,  are  usually  quantised  by  city  or  eounty. 
Vehicular  emissions  may  be  eat  Una  ted  by 
combining  local  traffic  pattern  to  formation 


with  documented  vehicle-fleet  emissions 
rates.  These  emissions  data  are  tvallable  from 
the  EPA  National  Emissions  Data  System 
(NEDS),  state  planning  agenda*  and  pri- 
vate sources  It  may  be  necessary  to  supple- 
ment these  data  with  emissions  Information 
affecting  the  various  temporal  cycles:  for  in- 
stance. Information  on  the  normal  operating 
schedules  of  large  point  sources  and  on  traffic 
volume  cycles  In  congested  areas. 

Trends  In  the  concentrations  of  pollutants 
can  also  be  useful  In  predicting  the  P8I 
Trend  Information  might  Include  the  day-to- 
day  variation  in  peak  hourly  values  or  24- 
hour  averages  Trends  data  should  always 
be  evaluated  relative  to  changes  taking  plane 
or  anticipated  In  emissions  t meteorology. 
Persistence  of  a trend  would  especially  aid  tn 
_airlrtng  at  the  P8I  forecast  if  no  definitive 
changes  in  emissions  or  meteorological  fea- 
tures are  Indicated.  Interpretations  of  trends 
information,  on  a day-to-day  basis,  require 
care  and  experience  because  of  the  fluctua- 
tions that  for  varied  reasons  tend  to  occur 
about  a mean  trend. 

The  types  of  meteorological  Information 
that  could  be  used  for^  forecasting  the  P63 
have  been  rather  well  defined  through  past 
experience  with  forecasting  methods  de- 
veloped In  support  of  air  pollution  control 
activities  This  support  has  largely  dealt  with 
forecasting  indices  and  episodic  conditions. 
The  meteorological  features  and  parameters 
that  are  mast  often  utilised  In  forecasting  air 
quality  Indices  at  the  present  time  are: 
Character  and  movement  of  air  masses  and 

fronts 

Areas  of  air  mass  subsidence 

Incidence,  intensity,  and  height  of  Inversions 

Mixing  layer  height 

Prevailing  wind  direction 

Mean  wind  speed  (surface  and  mixing  layer) 

Ventilation  (mixing  layer  mean  wind  speed  x 

mixing  height) 

Precipitation 
Temperature 
Total  sky  cover 

Of  oourse.  the  emphasis  placed  on  particular 
features  and  parameters  listed  above  will 
vary  with  location  and  pollutant(s)  of  con- 
cern. 

NWS  information  and  support  services 

The  NWS  operates  a comprehensive  Air 
Pollution  Weather  Forecast  Program.  The 
program  Is  administered  from  NWS  National 
and  Regional  Headquarters  with  operational 
program  elements  at  the  National  Meteoro- 
logical Center  (NMC)  and  local  Weather 
Service  Forecast  Offices  (WSFO’a).  Details 
of  the  program  are  contained  In  the  NW6 
Operations  Manual  * and  Technical  Proce- 
dures Bulletins  • This  program  generates  a 
variety  of  national,  regional,  and  local  all 
pollution  weather  forecast  products  which 
are  Issued  to  the  public,  to  control  agencies, 
or  to  both,  as  appropriate. 

The  NMC  la  responsible  for  providing  the 
large-scale  meteorological  guidance  used  by 
field  offices  In  the  preparation  of  advisories 
and  other  products  which  are  particularised 
and  tailored  to  specific  geographic  areas  to 
user  requirements. 

The  air  pollution  weather  products  of 
NMC  are  comprised  at  the  following  ele- 
ments: 

* Forecast  air  stagnation  charts  Issued 
every  morning  on  facsimile,  these  four  panel 
computer  based  charts  depict  expected  areas 
at  atmospheric  stagnation  (Figure  1). 

b.  Air  stagnation  narrative.  This  plain  lan- 
guage teletype  message  describing  the  Air 
Stagnation  Charts,  to  Issued  every  morning 


Bee  footnotes  at  end  of  appendix. 
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F or *c tj t Are*  if 

Air  Stspatlos  ValM  !■> 

It  Mowr» 


forte* St  Am  sf  V\ 
Air  Stagnation  Valltf  ft> 
14  Uosn 


ferocast  Am  «f  Air  \ 
Stagflation  Valid  It  36 
Novrx 


forecast  Arts  or  Air 
Stagnation  Valid  la 
44  Awn 


flgurt  1.  Sample  of  Stagnation  Cliart  tout  on  facslnlla.  OapUtlog  slgnlflcaat  art  as  tf 
large- seal*  sUgnatlon,  Shaded  am  Indicates  am  of  large-icalt  Stagnation, 
hatched  ama  Indicates  area  that  Is  ondar  lary«- scale  i tag  nation  on  all  four 


hatched  ama  Indicates  ama  that  1: 
panels. 

c Air  stagnation  data.  Thin  computer  de- 
rived teletype  message  currently  consist*  of 
today's  mixing  height  and  transport  wind 
speeds  for  selected  NW8  stations. 

The  WaTO's  have  responsibility  for  local 
forecast  products  within  designated  geo- 
graphic boundaries.  Including  Use  issuance  of 
the  following  three  basic  air  pollution  prod- 
ucts: 1 • 

a Air  stagnation  advisories  (ASA),  lasusd 
to  the  public  and  control  qgencles  when 
locally  established  critical  values  of  trans- 
port wind,  mixing  height,  and  ventilation  are 
forecast  to  he  reached  and  conditions  are 
expected  to  persist  for  at  least  36  hours,  caus- 
ing probable  significant  decrease  in  air  qual- 
ity 

b Special  dispersion  statements  A special 
product  issued  only  to  control  agencies  when 
a potential  air  pollution,  situation  Is  deter- 
mined by  an  NWS  forecaster  to  exist  but  no 
ASA  will  be  Issued  because  such  an  Issuance 
would  not  be  In  the  public  interest 

c Dispersion  outlooks  A routine  product 
tasued  by  all  WSFO's  where  It  has  been  deter  - 

Location: 

Birmingham.  Ala ...... ... — _ 


Charleston,  W.  Va. 


Chicago.  111. 


El  Monte,  Calif. 


Houston.  Tex_ 


Los  Angeles.  Calif. - 
Phlladelphla,  Pa 


Additionally,  special  low-level  soundings  are 
available  on  an  on-call  basis  at  the  regular 
upper  air  observation  facilities  near  Denver, 
Colo..  New  York.  N.7.  Oakland.  Calif.  Pitts- 
burgh, Pa.  and  Washington.  D.C.  An  aircraft 
sounding  Is  available  at  Sacramento,  Calif. 
Through  a Cooperative  effort,  state  APC 
agencies  take  soundings  as  needed  In  Beattie. 
Boston.  Portland.  Oreg.  and  San  Joee.  Qa 
Tbeee  are  taken  at  special  faculties  that  were 
established  by  the  NWB. 


mined  that  tbe  APC  needs  routine  meteoro- 
logical Information  to  facilitate  day-to-day 
operations  and  adequate  manpower  Is  avail- 
able at  the  WSPO  The  format,  content,  and 
issuance  times  of  this  product  Is  determined 
by  the  WSPO  and  APC.  The  Dispersion  Out- 
look Is  Issued  only  to  the  APC. 

Occasionally,  air  pollution  episodes  of  pub- 
lic concern  may  occur  during  non -stagnant 
situations.  Tbeee  Involve  predesignated  epi- 
sode levels  that  require  control  actions  to 
Improve  the  air  quality  condition.  In  these 
situations,  the  WBOO  provldee  the  appro- 
priate government  agencies  with  the 
meteorological  support  necessary  for  pollu- 
tion control  or  abatement  procedures. 

In  conjunction  with  these  semoes.  the 
NWS  provldee  supplemental,  low-level  upper 
air  soundings  at  designated  stations.  This 
program  which  provides  lor  greater  spatial 
and  temporal  detail  on  dispersion  oondition*. 
especially  during  episodes  or  potential  epi- 
sodes, Is  available  for  several  cities.  These 
locations  are  listed  below,  together  with  the 
sounding  scheduled: 

program 

1/day  routine  week  day.  weekend  and  3d 
daily  observation  can. 

1/day  routine  week  day.  weekend  and  3d 
dally  observation  call. 

1/day  routine  week  day.  weekend  and  3d 
daily  observation  call. 

2/day  routine  week  days  exoept  occasionally 
omit  afternoon  soundings  on  woll  venti- 
lated days 

1/day  routine  week  day.  weekends  and  2d 
dally  sounding  on  call 
2/day.  7 days  a week. 

▲11  observations  on  call 

The  NWS  has.  up  until  recently,  not  been 
too  closely  Involved  nationwide  In  predict- 
ing oondition#  conducive  to  buildup  of 
photochemical  pollutants  Because  of  recent 
interest  and  Increasing  demand  for  such  in- 
formation. the  NWS  is  in  tbe  process  of 
evaluating  possible  techniques  with  tbe  ob- 
jective or  modifying  or  adding  to  current  air 
pollution  weather  forecast  products  and 
services 


Development  of  prediction  methodology 

"lbs  available  services  and  Information 
briefly  described  above  form  tbwbasls  for  de- 
veloping a local  community  procedure  for 
making  local  qualitative  forecasts  of  the  P8L 
These  forecasts  can  be  reasonably  made  for 
periods  up  to  a day  In  advance  in  terms  of 
Mo  Significant  Change.  Increase,  or  Decrease 
U la  advisable  tor  agencies  planning  to  use 
tbs  Index  along  with  a forecast  procedure  to 
have  personnel  on  their  staffs  familiar  with 
meteorological  data  and  bow  these  data  day 
be  applied  In  development  of  index  predic- 
tion methodology.  , 

Considering  the  wealth  of  -InfornmUon 
available  from  tbe  NWS.  It  seems  logical  that 
tbe  issuance  of  an  index  forecast  should  be 
scheduled  at  Intervals  complementary  to  op- 
erations at  tbe  NWB.  This  would  allow  tbe. 
APC  agency  to  have  the  advantage  of  tbe 
most  current  NlfC  weather  products  and 
W8FO  air  pollution  forecast  services.  In  addi- 
tion. It  would  encourage  further  cooperation 
and  support  of  the  local  NWB  facility.  How- 
ever. while  It  can  be  expected  that  NWB 
meteorologists  will  be  able  to  closely  co- 
ordinate with  a local  agency  In  arriving  at 
index  change  predictions  during  potential 
or  actual  episodic  conditions,  they  will  most 
likely  not  be  able  to  give  such  attention  to 
routine  day-to-day  forecasting  of  the  truie* 
▲Iso,  NWS  personnel  would  not  be  expected 
to  have  detailed  knowledge  of  pollutant- re- 
lated factors. 

Where  an  APC  agency  may  have  developed 
the  expertise  necessary  to  make  quantitative 
predictions  of  the  PSI  for  tbe  following  day. 
they  should  be  encouraged  to  make  tbeee 
predictions  However.  It  should  be  cautioned 
that  making  quantitative  predictions  of  air 
quality  or  air  quality  Indices  should  not  be 
attempted  without  a reasonable  expectation 
of  success  bssed  on  wall -tested  techniques. 
Otherwise,  a less  than  satisfactory  forecast 
record  could  result,  which  would  land  to 
have  an  adverse  effect  on  public  aooeptamoe 
of  the  P6I. 

Mathematical  air  quality  simulation 
models  have  to  date  not  been  used  to  any 
Appreciable  extent  in  Index  prediction.  Be- 
cause of  their  relative  complexity,  cost  of 
modifying  for  local  use.  and  time  and  «x- 
pense  that  may  be  Involved  In  making  day- 
to-day  predictions,  their  use  for  predicting 
the  index  quail Utl rely  will  Initially  be  lim- 
ited. However,  where  APC  agencies  may  pro- 
gress to  tbe  point  of  making  quantitative 
forecasts,  the  use  of  models  may  beoome 
necessary.  A listing  and  brief  description  of 
possible  air  quality  models  that  could  be  ap- 
plied are  contained  on  OAQPS  Guideline  No 
1.2081. •’  • 

C*urr mf  use  of  meteorological  information  in 
index  prediction 

Approximately  half  of  the  35  local  agencies 
currently  Issuing  air  pollution  Indices  make 
forecasts  of  their  Index  a day  In  advance  Of 
these,  only  one  third  have  meteorologists  on 
their  staffs,  while  tbe  remainder  rely  upon 
NWS  meteorologists  for  Interpretation  of 
meteorological  data.  Three  of  tbe  local  agen- 
cies were  selected  to  serve  as  examples  of  bow 
varying  degrees  of  meteorological  Informa- 
tion can  be  incorporated  Into  air  quality  in- 
dex forecasting. 

One  at  the  mors  sophisticated  forecast 
techniques,  the  Air  Pollution  Dispersal  In- 
dex. wm  developed  six  years  ago  by  tbs  State 
of  Colorado  Department  of  Health  In  De*>- 
var*  A forecast  Is  Issued  each  morning  far 
four  time  periods,  am.  today,  p m.  today, 
am.  tomorrow,  and  pm.  tomorrow.  Tbe  tech- 
nique developed  by  department  meteorolo- 
gists Is  based  upon  concepts  of  mixing  belghto 
and  wind  speed  discussed  by  Ho lr. worth  to 
AP-101,*  and  employs  a nomogram  of  wind 
speed  vs  mixing  heights,  with  lsollnes  of 
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oonatant  ventilation  lector  value*  serving  to 
demarcate  four  dispersion  categories.  These 
categories  are: 

Ventilation  Jactor  ( m Veec  ) 

(•rind  speed  I miring  height) 

Associatsd  dispersion 

<2.000 Bad. 

>2,000  to  4.000 Pair. 

>4.000  to  6.000 Oood 

>6,000— Rxoellsn L. 

The  mixing  height*  need  for  the  "today" 
forecast  are  determined  from  a plot  of  the 
Denver  morning  upper  air  sounding,  the 
morning  minimum  surface  temperature  at 
Stapleton  Airport  plus  6*  to  4*  C,  and  the 
forecast  afternoon  maximum  temperature. 
The  ••tomorrow"  mixing  heights  are  ''•ter- 
rnlned  from  the  forecast  24 -hour  minimum 
and  36-hour  maximum  temperature,  and  a 
forecast  of  the  sounding  using  locally  - 
tailored  analytical  techniques.  All  transport 
wind  speeds  are  derived  from  either  observed 
or  forecast  NWS  data  Critical  factors  in 
Denver  are  the  typical  low-level  morning 
inversions  which  serve  to  deteriorate  air 
quality  and  the  occurrence  or  forecast  of 
rain  or  snow  which  automatically  leads  to  a 
forecast  of  improving  air  quality. 

The  City  of  Philadelphia  Department  of 
Public  Health  * uses  general  meteorological 
conditions  and  a NWS  Air  Stagnation  Index 
to  predict  the  Philadelphia  Air  Quality  In- 
dex. The  local  agency  receives  meteorologi- 
cal information  twice  dally  from  the  Phila- 
delphia NWS  office  Parameters  of  roost  con- 
cern are  wind  speed,  gustiness  and  the  likeli- 
hood of  a frontal  passage  with  Its  associated 
turbulent  mixing.  Wind  direction  is  not  a 
vital  oonoern  since  emission  sources  in  the 
city  are  relatively  well  distributed  tn  all  di- 
rections. Specifically,  the  Air  Stagnation  In- 
dvsx  is  formulated  from  the  algebraic  sum  of 
ee-veral  weighted  meteorological  parameters 
aa  shown  in  Table  1.  To  determine  the  index 
value,  the  weights  associated  with  each  ob- 
served parameter  are  summed  When  at  least 
one  of  the  meteorological  values  Is  associated 
wltii  a ''Stop.”  excellent  dispersion  Is  fore- 
cast Otherwise,  dispersion  Is  forecast  ac- 
cording to  the  following  scheme: 

0um  of  weights:  Forecast  dispersion 

-1.  — 2,  -1_-  Oood 

0 Marginally  good 

-f  1 Marginally  poor 

42.  4* Poor. 

imi  1.  Sir  SL*t&*Oaa  Check  SlkMt1 


NOTICES 

The  Department  of  Public  Health  in  Dal- 
las * uses  meteorological  data  In  a very  quali- 
tative manner.  The  general  weather  situa- 
tion la  examined  dally  with  primary  Im- 
portance directed  toward  stagnating  high 
pressure  systems,  oold  fronted  passages,  and 
prrralllr^  wind  direction.  NMC  trajectory 
analysis  data,  surface  weather  patterns,  and 
prognostic  charts  are  used  In  a non-rigorous 
manner.  *er  example,  geographical  plots  of 
smoke  and  base  reports  are  occasionally  used 
to  determine  the  area  extent  and  approach 
of  pollutants  due  to  large  scale  circulation 
patterns. 

Improving  conditions  are  forecast  with  the 
occurrence  of  precipitation,  a frontal  pas- 
sage. and  Increasing  wind  speed.  Deteriorat- 
ing air  quality  Is  predicted  when  trajectories 
persist  from  local  or  more  distant  sources  or 
sources  areas. 

Dated  August  27.  1976 
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However,  due  to  the  nature  eff  the  Phila- 
delphia Air  Quality  Index,  a dramatic 
•hang#  in  dlaperalon  la  required  to  effect  a 
change  in  the  index  values. 
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REVIEW  OF  CALIBRATION  SPAN  GASES 
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desorption  occurs  but  further  analyses  over  a longer  period  of  time  will  be 
necessary  to  confirm  this.  Several  samples  in  each  lot  were  examined  for 
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dioxide  with  which  the  tube  is  filled  and  protecting  the  tube  from  subsequent 
exposure  to  high  concentration  of  water  vapor. 

Nitrogen  dioxide  permeation  tubes  can  be  calibrated  with  an  accuracy 
equal  to  sulfur  dioxide  tubes  of  similar  output.  However,  greater  caution  must 
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APPENDIX  vn 

DERIVATION  OF  SIGNAL-TO- NOISE  RATIO 
EQUATION'S  AND  ERROR  ANALYSE 

In  this  appendix  we  derive  a generalized  set  of  SNR  expression 
for  remote  monitors,  discuss  some  of  the  fundamentals  in  statistical 
error  analysis  and  consider  questions  in  instrument  accuracy. 


Derivation  of  Signal-to-Noise  Equations 

The  accuracy  with  which  a physical  quantity  x can  be  observed 
experimentally  is  given  by 


SNR  = (VH-1) 

where  dx  is  the  error  (or  noise)  of  x.  When  the  quantity  x depends  on  the 
variables  yj,  the  total  error  is  determined  on  the  principle  of  superposition 
of  errors^^,  which  is  given  by  the  total  error  differential,  viz. , 


dx  = 


“ dy,.  **,,*... 


Ty 


’*2 


, I -4*-  dy. 

i *yT  1 


where  dy.  are  the  errors  for  each  variable  y..  The  mst  probable  value 
of  dx  is  the  square  root  of  the  sum  of  the  squares  of  the  individual  errors. 
Thus, 


VII-2 


VII  c 


The  limiting  sensitivity  of  a system  that  measures  the  quantity  x is  given 
by  Eq.  (VII- 2)  and  setting  SNR  to  unit,  viz., 

(x)SNR=l  = (dx)rms 

where  (x)gj^p_j  is  called  the  "noise -equivalent -quantity  x".  (Typical 
examples  are  noise -equivalent -radiance  [NEN],  noise-equivalent- 
temperature  [NET],  noise -equivalent -concentration  [NEC],  noise -equivalent - 
power  [NEP],  etc. ) 

We  will  now  give  several  examples  in  which  the  quantity  x is 
substituted  by  different  physical  parameters. 


VH-3 


VII  d 


Example  1.  The  physical  parameter  to  be  measured  is  the  radiant  power  P 
from  a source.  Assuming  there  are  no  variables  influencing  P,  then  x = P 
and  dx  = dP.  The  noise  dP  is  generally  composed  of  three  components: 


The  shot  noise  due  to  the  arrival  of  signal  photons,  the  background  noise 

>;  i.  e. , U^v\1/2  I hv  - \1/2 


and  the  detector  noise: 


/ hy  _a1/2 

/ hi;  V 

( nt  P)  ’ 

( Vt  PB ) 

and  NEP,  respectively. 


g 


The  square  of  the  noise  is  then  given  by 


mi)6 


(dP)2  = (-|f-p)  + (|tPb)+  (NEP)2  (VII-3) 

g g 


where  h is  the  Planck  constant,  v is  the  frequency  at  which  the  radiant 
power  P is  observed,  17  is  the  quantum  efficiency  of  the  detection  system 
and  tg  is  either  the  gate  time,  integration  time  or  pulse  width,  Pfi  is  the 
radiant  power  of  the  background  and  NEP  is  the  noise -equivalent -power  due 
to  the  detector.  The  magnitude,  and  thus  the  significance,  of  the  noise  com- 
ponents is  different  in  the  UV  and  IR  portions  of  the  spectrum  because  of  the 
different  types  of  detectors  used.  In  the  UV,  where  usually  photomultipliers 
are  employed,  the  first  component  is  always  significant  and  the  second  one 
is  significant  only  for  long  integration  times.  The  third  term  (noise  due  to 
the  dark  current  of  the  PM  tube)  can  be  neglected.  In  the  IR,  where  photo- 
conductors are  used,  the  first  term  may  always  be  neglected  and  the  second 
one  may  or  may  not  be  important.  The  third  term  is  always  important, 
unless  of  course  the  background  term  is  dominating. 

Thus,  for  example  1,  the  appropriate  expression  for  the  signal-to- 
noise  ratio  is 


SNR 


WT 


hv 


rms  [(P  + 


(vn-4) 
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If  one  can  neglect  the  background  noise,  the  SNR  in  the  UV  becomes 


SNR  = 


V P T7 1 /hi/' 


(VII- 5) 


and  in  the  IR  becomes 


SNR  = 


P 

NEP 


Example  2.  The  physical  parameter  x is  to  be  determined  by  the  sum 
or  difference  of  two  measured  signals.  Thus, 


x = P,  ± P2 


dx  = dPj  + dP2 


The  most  probable  error  is  given  by 


(dx)2  = (dPj)2  + (dP2)2 


With  the  reasonable  assumption  that  dPj  « dP2  , the  SNR  becomes 


SNR  = 


p + p 
1 - *2 

IT  dP 


(VII-  6) 
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Example  3.  The  physical  parameter  x is  to  be  determined  by  the  ratio 
of  two  measured  signals: 

x = P1/P2 

dx  = dP^/Pg  - P1dP2/P2 
The  most  probable  error  is  given  by 


For  the  case  of  dPj  « dPg,  the  SNR  becomes 


SNR 


P1P2 


Example  4.  The  physical  parameter  x is  to  be  determined  by  the  In  of  the 
ratio  of  two  signals,  as  in  a transmission  experiment  . Thus 


ex  = P1/P2 
x = In  Pj  - In  P2 
dx  = dPj/Pj  - dP2/P2 
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The  most  probable  error  is  given  by 

(dx)2  = (dPj/Pj)2  + (dP2/P2)2 


Again,  in  case  of  dPj  » dP2,  the  SNR  becomes 


In  P/Pp 

SNR  = — 1 — (VII- 8) 

dP  J{ l/Pj)2  + (1/P 2)2 


For  small  x (i.  e. , almost  transparent  atmosphere),  Pj»P2.  Thus, 


m p,/p2  « Pj/p2  - 1 


and 


SNR  « 


dP'/p  ^ * P22 


w 


prp2 

dPvT 


(VII- 9) 


Equation  (VTI-8)  may  be  expanded  for  the  application  of  a pulsed  system,  where 
the  signals  are  composed  of  the  difference  of  two  signals  observed  at  two  dif- 
ferent times.  Thus, 


lnPlP2'/P2P1' 

dP^d/Pj)2  + (1/pj)2  + (i/p2)2  . (i/p^)2 


SNR 
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Accuracy  Considerations 

Dieck  and  Elwood^24^  have  formalized  their  approach  to  accuracy 
analysis  which  they  first  reported  on  in  1974^22^.  Their  analysis  is 
based  upon  the  statistical  approach  outlined  by  Natrella^  We  will 
follow  here  their  analysis. 

There  are  two  basic  types  of  errors:  Bias  (or  systematic)  errors  and 
precision  errors.  Bias  error  is  a measure  of  the  deviation  of  the  average 
from  the  true  value  x^..  Precision  error  is  a measure  of  the  instrument 
repeatability,  i.  e. , the  scatter  about  the  biased  average.  The  two  errors 
are  described  mathematically  by 


Bias  error  b = x - x. 


Precision  error  a 


= Jti  (x.  -x)2/ (n- 1) 


where  n is  the  number  of  measurements  and  x is  the  mean  value  of  x . 
A graphical  representation  is  given  in  Figure  vil-l. 

true  value  *t 

AVERAGE 


Figure  VII-1.  Effect  of  Bias  and  Precision  Errors. 
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Therefore,  the  precision  error  is  given  by  the  mean  deviation  of  the  normal 
distribution  of  data  about  x . The  normal  frequency  distribution  or  Gauss 

/ 1 CO) 

distribution  is  given  by' 


y 


-(x-5E)2/2ct2 

e 


The  area  under  this  curve,  extending  from  -•  to  +•,  is  normalized  so 
that  the  probability  that  an  observation  will  lie  between  two  values  Xj  and 
Xg  is  represented  by  the  area  under  the  curve  between  x^  and  Xg,  i.  e. , 


-Lf 

aj2W  J 


X2  -(x-x  )2/2ct2 


dx 


writing 


£ = (X  - X)/(T 

= (Xj  - x)/a 
C2  = (Xj  - x)/o 


the  integral  becomes 
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This  integral  can  be  expressed  as  the  difference  of  two  integrals  of  the 
type 

t 


w / 


-1/2$ 


d$ 


This  integral  has  been  evaluated  for  different  values  of  t.  It  should  be 
noted  that  the  function 


t 2 * 2 
_L  f e d $ = J_  f e d$ 

Ti"  J jrJ 


= erf(t) 


-t 


is  known  as  the  error  function.  Thus, 

.2 


*/5tr"  J 


t 9 tV2T  2 

-l/2$2  , * ** 

e d$  = — L 

O O 


wc  2 


i erf(t^) 


Representative  values  of  erf(t\/2)  are  given  below: 


t 

erf(t«/5T) 

0 

0 

0.  6745 

0.5 

1.0 

0. 6827 

2.0 

0.  9543 

3.0 

0.  9973 

m 

1.0 
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Therefore,  one  can  see  that  in  a normal  distribution  the  probability  that 
an  observation  lies  within  + 2 a of  x is  0.  9543.  Of  particular  interest  is 
the  value  x + 1.  96a  for  which  erf(tV2  ) = . 95,  the  so-called  95%  con- 
fidence interval. 

Dieck  and  Elwood  show  as  an  example  the  propagation  of  bias  and 
precision  errors  through  several  levels  of  a calibration  hierarchy  (see 
Figure  VII-2).  The  top  level  of  uncertainty  is  the  National  Bureau  of  Standards, 


CAtltRATlON  HIIRARCNV  COMP  ARISONS  INV01VC0  (RIOR  PROPAGATION 


Figure  VII-2.  Propagation  of  Error  in  a Calibration  Hierarchy. 

the  second  level,  the  National  Bureau  of  Standards'  supplied  laboratory 
reference  gas.  The  third  level  is  the  transfer  standard  calibration  gas 
which,  after  comparison  to  the  laboratory  reference,  is  used  to  calibrate 
the  instruments  on  the  fourth  level  (i.  e. , the  measuring  instruments 
used).  The  precision  of  the  fourth  level  is  referred  to  as  the 
calibration-to -calibration  precision.  Where  NBS  standard  reference 
materials  are  not  available,  the  problem  of  ascertaining  the  accuracy  of 
the  first  level  becomes  even  more  complex. 
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Fundamental  to  the  assessment  of  instrument  accuracies  is  the 
proper  choice  of  units:  should  accuracy  be  described  as  percent  of  point 
(a  relative  basis)  or  percent  of  full  scale  (an  absolute  basis).  Data  with 
normally  distributed  errors  permit  the  use  of  terms  such  as  precision  and 
variance  in  a way  in  which  they  are  generally  understood  and  clearly 
defined.  Dieck  and  Elwood  suggest  the  use  of  percent  of  full  scale  units 
as  the  best  units  for  the  instruments'  precision  errors. 

Bias  errors,  however,  should  be  expressed  as  relative  errors 
because  they  are  largely  a result  of  calibration  gas  uncertainty.  If  a 
calibration  gas  is  in  error  by  one  percent  relative,  the  entire  range  of 
the  measuring  instrument  on  which  such  a gas  is  used  for  calibration  will 
be  off  by  1%  relative.  This  will  be  in  addition  to  the  uncertainty  contributed 
by  the  instrument's  precision. 

The  significance  of  precision  and  bias  errors  depends  in  large 
measure  on  the  level  of  the  gas  being  measured  because  the  gas  concen- 
tration measurement  errors  are  a combination  of  percent  of  full  scale 
and  percent  of  point  error.  The  instrument  errors  are  percent  of  full 
scale,  one  value  to  be  utilized  over  an  entire  instrument  range.  They 
usually  dominate  the  errors  on  the  lower  half  of  an  instrument  range. 
Calibration  gas  errors  are  percent  of  point  and,  therefore,  depend  on  the 
level  of  the  gas  concentrations  being  measured.  Calibration  gas  bias 
errors  usually  dominate  on  the  upper  half  of  an  instrument's  range. 

By  evaluating  the  precision  with  which  an  instrument  repeats  when 
reading  the  calibration  gas,  an  estimate  may  be  had  of  the  instrument's 
precision  when  reading  a test  point.  Calibration  precision  is  utilized 
because  the  calibration  gas  concentration  is  assumed  invariant  (for  the 
duration  of  a test)  thus  placing  all  variations  as  instrument  caused. 
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Dieck  and  Elwood  found  a considerable  variability  in  instrument 
precision  from  day  to  day  and  range  to  range.  The  existence  of  the  vari- 
ability, however,  requires  the  evaluation  of  the  instrument  precision  on 
the  day  when  field  tests  are  to  be  undertaken.  Dieck  and  Elwood  state  that 
daily  precision  error  estimates  must  be  combined  with  calibration  gas 
uncertainties  for  the  proper  expression  of  emission  measurement  ac- 
curacies. In  Table  VII- 1 they  compare  the  Environmental  Protection  Agency's 
required  emission  instrument  precisions  with  those  typically  obtained  in 
use.  For  most  cases  for  which  there  is  some  comparison,  typical  in  use, 
in  day  precision  is  worse  than  that  required  by  the  EPA. 


TABLE  Comparison  of  EPA  Required  Instrument  Precisions— 

VII- 1.  Those  Typically  Obtained  In-Use  in  One  Day. 


Constituent 

Kanirc 

In-use 

precision 

EPA  required 
precision 

CO, 

0-2% 

0.02% 

0.02% 

0-5% 

0.09% 

0.05% 

CO 

0-100  ppm 

3.0  ppm 

1 .0  ppm 

0-500  ppm 

5.0  ppm 

0-1000  ppm 

19.6  ppm 

10.0  ppm 

0-2500  ppm 

25.0  ppm 

HC 

0- 10  ppm  C 

0.1  ppm 

0-100  ppm  C 

4 .0  ppm 

1 .0  ppm 

0 1000  ppm  C 

22  0 ppm 

10  0 ppm 

0-2000  ppm  C 

20.0  ppm 

20.0  ppm 

NO, 

0-200  ppm  NO, 

2.0  ppm 

0-500  ppm  NO, 

5.0  ppm 

NO 

0-  200  ppm  NO 

5.0  ppm 

2 .0  ppm 

0-500  ppm  NO 

5 .0  ppm 

NO, 

0-200  ppm  NO 

5.0  ppm 

2.0  ppm 

0-500  ppm  NO 

5.0  ppm 
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The  authors  state  further  that  "EPA  parameters  such  as  accuracy 
and  precision  were  not  well  defined  in  their  regulations;  it  is  assumed 
here  that  the  precision  required  is  2c  over  the  95%  confidence  interval. 
This  precision  comparison  underscores  the  need  for  continued,  current 
evaluation  of  emission  instrument  performance  and  the  need  to  recognize 
the  possible  difference  between  typical  in-use  precision  and  that  required 
by  the  EPA.  " 
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APPENDIX  VHI 


METEOROLOGICAL  INSTRUMENTS  FOR  USE 
IN  THE  CALIBRATION  TEST  RANGE 
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In  an  attempt  to  lower  the  threshold  speed  by  eliminating  brush  transducer,  the  anemometer  shaft  is  connected  through  one  or  more  gears 

friction,  A.  C.  generators  are  used  instead  of  D.  C.  generators.  A.  C.  to  a cam  or  similar  device  that  opens  or  closes  a contact  after  the  passage 

generators  reduce  the  friction  considerably  and  eliminate  brush  and  commu-  of  a pre -determined  amount  of  air.  This  contact  closure  can  operate  a 

tator  maintenance.  A.  C.  generators  are  available  with  either  two,  four  readout  device  such  as  an  event  marker  pen  on  a reco  der.  Recorders 
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total  miles  of  wind  passage  instead  of  a time  plot  of  wind  speed.  Under  these 
circumstances,  a mechanical -contact  transducer  is  used.  In  this  type  of 


In  the  splayed  vane,  two  flat  plates  are  joined  at  a small  angle  The  measurement  of  wind  direction  consists  of  converting  the 

v about  15°)  at  one  end  of  the  horizontal  shaft.  This  esign  came  angular  position  of  the  wind  vane  to  an  energy  form  that  can  be  transr 
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of  both  angles.  The  total  wind  speed  can  be  measured  by  replacing  the  recorder  pen,  etc.,  and  with  proper  calibration  and  alignment,  a direct 

counterweight  with  a propeller  anemometer.  indication  of  wind  direction  is  obtained.  There  is  no  discontinuity  in  the 

movement  as  with  the  potentiometer.  The  only  disadvantage  of  this 


twice  daily  at  0000  GCT  and  1200  GCT  at  approximately  70  stations  in  the  by  a small  motor  driven  fan.  The  mooring  of  this  system  is  by  nylon  cabl 

contiguous  U.  SL  The  ascent  rate  of  the  balloon  is  about  1000  ft/minute.  marked  at  intervals  to  indicate  the  height  of  the  sensor. 
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APPENDIX  IX 


ELECTROMAGNETIC  INTERFERENCE  CHARACTERISTICS 
REQUIREMENTS  FOR  EQUIPMENT 
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APPEND  DC  DC 

Electromagnetic  Interference  Characteristics  Requirements 
for  Equipment 


(The  following  is  an  extract  from  pertinent  U.  S.  Government  specifications. ) 

(4. ) GENERAL  REQUIREMENTS 

(4.  1)  Application  of  Standard.  - The  requirements  of  this  standard 
shall  be  applied  to  electronic,  electrical  and  electromechanical  equipment 
as  indicated  hereinafter:  > 

(4.  1.  1)  Equipment.  - The  requirements  of  this  standard  shall  be 
applied  to  units  or  equipments  that  are  intended  to  operate  as  individual 
items.  Individual  equipment  classes  are  defined  in  Table  I.  Application 
of  each  test  requirement  for  the  particular  equipment  class  is  shown  in 
Table  II. 

f 

(4-  1-  2)  Government  Furnished  Equipment.  - Equipment  furnished 
by  the  Government  to  a contractor  may,  unless  the  test  data  is  furnished 
by  the  Government,  require  testing  by  the  contractor  for  conformance  to 
the  equipment  item  class  and  limit  requirements.  Application  of  suppression 
measures  to  meet  the  requirements  shall  be  detailed  in  the  control  plan. 
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(4.  1.  3)  Commercial  Off-the-Shelf  Equipment.  - 

(4.  1.  3. 1)  When  commercial  off-the-shelf  equipment  is  selected 
by  the  contractor  all  applicable  tests  required  by  this  standard  shall  be 
performed  and  the  test  data  submitted  to  the  procuring  activity  to  deter- 
mine the  EMI/EMC  suitability  in  the  end-item  configuration.  The  EMI/ 

EMC  suitability  shall  be  covered  in  the  control  plan  (see  4.  2). 

(4.  1.  3.  2)  When  C-E  equipment  certified  to  FAA  Technical  Standard 
Orders  (Part  5.  1.  4 (a)  and  (b)  are  used  with,  or  become  part  of  any  military 
equipment  configuration,  the  requirements  in  4.  1.  3.  1 apply. 

(4.  1.  3.  3)  Electrical  and  electromechanical  equipment,  not  intended 
for  use  in  tactical  or  critical  military  areas,  are  exempt  for  meeting  the 
requirements  of  this  standard  unless  specifically  required  by  the  procuring 
activity.  When  this  equipment  is  procured  for  use  in  an  unknown  installa- 
tion or  for  use  in  both  tactical  and  nontactical  installations  the  requirements 
stated  in  4.  1.  3.  1 shall  apply. 

(4.  1.  4)  Reprocurements  of  equipments  designed  to  superseded 
documents.  - Production  type  equipments  (all  classes)  designed  prior  to 
the  effective  date  of  this  standard  and  certified  to  superseded  specifications 
or  standards  shall  meet  the  appropriate  requirements  specified  in  Appendix  A 
of  this  standard. 

(4.  1.  5)  Other  EMI  Requirements.  - 

(4.  1.  5.  1)  If  an  equipment  has  met  other  emission  and  susceptibility 
requirements  the  test  procedures  and  report  may  be  submitted  for  evaluation 
by  the  procuring  activity  as  evidence  of  meeting  equivalent  portions  of  this 
standard . 

(4.  1.  5.  2)  All  equipments,  other  than  Class  I equipment,  produced 
by  a manufacturer,  which  are  identical  to  those  previously  produced  by  the 
same  manufacturer,  tested  in  accordance  with  this  standard  and  found 
satisfactory  shall  require  minimal  testing,  as  indicated  in  the  approved 
test  plan,  to  ascertain  conformance  with  this  standard.  A copy  of  the  pre- 
vious lest  report  shall  be  forwarded  with  the  new  test  report  for  comparison 
and  evaluation. 

(4.  1.  6)  Short-Duration  Interference.  - Short  duration  interference 
is  not  exempt  from  the  requirements  of  this  standard,  unless  specifically 
indicated  in  the  individual  equipment  specification.  The  short-duration 
interference  requirements  g-iven  in  Appendix  A shall  be  used  for  repro- 
curements of  equipments  designed  to  superseded  documents. 
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(4.  1.  7)  Application  of  Standard  for  GSA  Procurements.  - The 
interpretation  of  and  recommendations  for  compliance  approvals  to  the 
requirements  of  this  standard,  as  applied  in  GSA  procurements,  may 
be  directed  to  the  preparing  activity  of  this  standard. 

(4.  2)  Interference  Control  Plan.  - The  interference  control  plan 
shall  be  a detailed  plan  outlining  the  interference  control  or  reduction 
program,  the  engineering  design  procedures  and  proposed  techniques  that 
will  be  used  to  determine  conformance  with  the  requirements  of  this 
standard  and  that  will  enable  the  equipment  to  perform  its  operational 
function  without  interference  from  its  parts  and  subassemblies.  Approval 
of  the  control  plan  and  compliance  thereto  does  not  relieve  the  contractor 
of  the  responsibility  of  meeting  the  applicable  requirements  of  this  standard. 
Technically  justifiable  deviations  which  are  being,  or  are  to  be  formally 
processed  through  contractual  channels  may  be  included  in  the  control  plan. 
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TABLE  I - CLASSES  OF  EQUIPMENT 


Class  No. 


Description 


I 


IA 

IB 

IC 


ID 


II 

HA 


IIB 


1IC 


in 


Communication-Electronic  (C-E)  Equipment 
Any  item,  including  subassemblies  and  parts,  serving 
functionally  in  electromagnctically  generating,  trans- 
mitting, conveying,  acquiring,  receiving,  storing, 
processing  or  utilizing  information  in  the  broadest 
sense.  Sub  classes  are: 

Receivers  Using  Antennas 

Transmitters  Using  Antennas 


Non-Antenna  C-E  Equipment  (such  as  counters,  oscillo- 
scopes, signal  generators,  rf  and  audio  test  equipment, 
computers,  power  supplies,  digital  equipment,  elec- 
trically operated  cameras  and  projectors,  wire  terminal 
image  interpretation  facilities,  photographic  processing 
equipment  and  other  electronic  devices  working  in  con- 
junction with  classes  IA  and  IB). 

Electrical  and  electronic  equipment  and  instruments  which 
would  affect  mission  success  or  safety  if  degraded  or 
malfunctioned  by  internally  generated  interference  or 
susceptibility  to  external  fields  and  voltages  such  as  auto- 
pilots, infrared  devices,  flight  instruments,  auto-com- 
passes and  electronic  engine  control  devices). 

Non-Communication  Equipment, 

Specific  subclasses  are: 

Non-Communication-Elcctronic  Equipment  - Equipment  in 
which  rf  energy  is  intentionally  generated  for  other  than 
information  or  control  purposes.  Examples  are  ultra- 
sonic equipment,  medical  diathermy  equipment,  induction 
healers,  rf  stabilized  arcwcldcrs  rf  power  supplies  and 
uninterruptible  power  units  (both  rotary  and  solid  state). 

Electrical  Equipment  - Some  examples  are  electric  motors, 
hand  tools,  office  and  kitchen  equipment,  laundry  and 
repair  shop  equipment,  and  lithographic  processing 
equipment. 

Accessories  for  Vehicles  and  Engines  - Electrically  and 
mechanically  driven  and  engine  electrical  accessories 
such  as  gauges,  fuel  pumps,  regulators,  windshield 
wipers,  turret  motors,  magnetos  and  generators,  when 
tested  off  of  the  vehicle  or  engine.  Applicable  only  to 
accessories  for  use  on  items  of  classes  1IIA  and  1IIB. 

Vehicles,  Engine-Driven  Equipment 
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Test  «?linl  1 he  performed  n9  described  in  Mil-— Sir*— or  the  npproved  test  plnn. 

Test  does  not  have  to  be  performed,  unless  required  bv  the  test  plan  or  procuring  activity. 
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Notes  for  Table  II: 

(1)  The  test  methods  in  MIL-STD-462  are  designated  by  a series  of 

numbers  as  shown  hereinafter: 

C = Conducted 
R = Radiated 
E = Emission 
S = Susceptibility 

" = Numerical  order  of  test  from  01  to  99. 

T = New  or  Modified  Test  Procedure  included 
for  trial  use,  or  as  required  by  the 
procuring  activity. 

(2)  For  Class  mB  items  exceeding  600  volts  AC  or  DC  this  test  is 

not  mandatory  unless  required  by  the  procuring  activity. 

(3)  RE03  shall  be  performed  when  the  operating  frequency  of  the 

test  sample  is  greater  than  1.  25  GHz,  when  the  average 
power  of  the  test  sample  is  greater  than  5 kW,  or  when  the 
test  sample's  antenna  is  an  integral  part  of  the  transmitter 
and  cannot  be  replaced  by  a suitable  dummy  load. 

(4)  Test  method  (CE05)  may  be  submitted  to  the  command  or  agency 

concerned  for  approval  in  the  test  plan,  in  lieu  of  CE01, 

CE02,  CE03,  or  CE04  when  the  signal  to  be  measured  is 
generated  by  a single  shot  event  or  at  repetition  rates  of 
less  than  5 pps. 

(5)  These  tests  (RE01),  (T)  RE04  and  RS01)  shall  be  performed  on 

equipment  operating  at  frequencies  up  to  30  MHz.  Equipment 
operating  at  higher  frequencies  are  exempt  from  testing. 

(6)  For  classes  HB,  IIC,  IIIA  and  IIIB  perform  the  test  over  the 

frequency  range  of  150  kHz  to  50  MHz.  For  class  niB 
only,  remove  the  10  microfarad  feed-through  capacitor. 

(7)  Perform  either  CS04  or  CS08,  as  approved  in  the  test  plan. 

(8)  Shall  conform  to  F.  C.  C.  Regulations,  Part  15  or  Part  18  as 

applicable.  In  addition,  the  applicable  requirements  of 
this  standard  shall  be  met  for  ultrasonic  equipment,  rf 
power  supplies  and  uninterruptible  power  units  (both  rotary 
and  solid  state). 

(9)  Class  IIA  shall  be  tested  from  14  kHz  to  20  kHz  with  this  test 

procedure  (CE01).  However,  when  required  by  the  individual 
equipment  specification,  the  test  shall  be  performed  from 
1 kHz  to  20  kHz. 
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(10)  For  class  IIIC  items,  this  test  is  not  required  above  400  MHz. 

(11)  Electric  hand  tools  (which  fall  under  class  IIB)  shall  be  tested 

from  150  kHz  to  30  MHz  in  accordance  with  the  requirements 
and  procedures  of  Method  A-CE1  as  specified  in  the  Appendix 
to  this  standard. 

(12)  Class  IIB  items,  except  electric  hand  tools,  shall  be  tested 

from  150  kHz  to  400  MHz.  Electric  hand  tools  shall  be 
tested  from  150  kHz  to  30  MHz.  Class  HC  items  shall  be 
tested  from  150  kHz  to  1000  MHz. 

(13)  Class  IITD  items  shall  comply  with  the  requirements  of  SAE  J551. 

(14)  For  class  IBB  items  exceeding  240  kVa,  this  test  is  not  mandatory 

unless  required  by  procuring  activity  or  project  manager. 

(15)  These  requirements  are  applicable  for  all  MEP  sets  having 

outputs  240  kVa  or  less.  When  specified  by  the  command 
or  agency  concerned  MFP  sets  having  power  outputs  greater 
than  240  kVa  shall  meet  the  requirements  or  RE02. 

(16)  For  Class  V items,  this  requirement  is  applied  between  14  kHz 

and  1000  MHz  at  a test  distance  of  1 meter.  If  test  con- 
ditions preclude  performing  RE02  at  a 1 meter  distance,  a 
distance  of  6 meters  may  be  used  and  the  limit  curve  in 
Figure  26  corrected  accordingly. 

(17)  For  Class  V items  with  electronic  circuitry  for  external  regulation 

or  control  or  sets  with  amplifiers  for  electronically  controlling 
regulation,  temperature,  frequency,  stability,  and  so  forth, 
this  requirement  is  applied  between  2 MHz  and  10  GHz  in 
addition  to  CE03  and  RE02. 
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